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Abstract
Cryobiology is the study of how living cells and tissues respond to freezing
and exposure to subzero temperatures. Studies in this field are aimed toward
improving methods of cryosurgery as well as the storage of cells and tissues.
For example, one area of research is to link the biophysical cellular dehydration
and intracellular ice formation in cells during tissue freezing to cell viability and
mechanical properties after thawing. There is currently a method for measuring
dehydration in cells as part of a tissue, but not an adequate method for
measuring intracellular ice formation in tissues.
A prototype device that would allow measurement of intracellular ice
formation by measuring the heat release of individual cells during freezing with
an array of type–T microthermocouples was fabricated and tested. The device
was designed to consist of a microfabricated wiring layer with an intermediate
post layer to improve thermal insulation, and a rectangular junction layer to
connect the two metals of the thermocouple.
Modeling was used to determine the most suitable geometries for the
device. Posts of 3 µm and 5 µm in diameter were modeled, with heights of 20
µm and 50 µm, as well as a wiring layer without posts. For both heights tested,
the 3 µm posts improved the thermocouple response over a no post case, while
5 µm posts gave inferior results. Interference between adjacent thermocouples
was found to be negligible as long as a cell was in contact with a thermocouple
junction.

viii

A multilayer UV-LIGA process on a silicon wafer substrate with an E-beam
deposited seed layer was used to fabricate the device. Electrodeposition was
used to fabricate the wiring, posts, and junctions for the thermocouples. The
seed layer was then etched away to provide electrical insulation between
individual thermocouples.
The microfabricated device was connected to a custom made PC board
with multiplexing, amplifying and filtering circuitry.

In initial tests, the

thermocouple array showed a trend of voltage variation with temperature,
indicating a working thermocouple array.
characterize the performance is presented.

ix

Future work to more adequately

1. Introduction
1.1. Cryobiology
Cryobiology is the study of how living cells and tissues respond to freezing
and exposure to subzero temperatures.

This includes both the freezing and

subsequent thawing of a biological system. The following chapter provides some
background into the motivation for this project along with a brief summary of what
was accomplished.
1.2. Motivation
1.2.1. Cryosurgery
Cryosurgery uses controlled, localized freezing temperatures to selectively
destroy tumorous tissues to treat patients with cancer. It is beneficial because it
allows for a minimally invasive procedure that is quicker than conventional
surgical methods.
Cryosurgery is developing, and work is being done to improve procedures.
Problems that are faced include ensuring that the ice from the surgical probe is
spreading at the proper rate and can be adequately monitored.

A better

understanding of the biophysical mechanisms of tissue freezing are also needed
(Bischof, 2000).

Better visualization of ice formation in surgery has been

addressed through techniques including ultrasound and magnetic resonance
imaging (Tacke, et al., 1999; Rubinsky, et al., 1993). However, it is clear that a
strong understanding of events that take place in biological systems during the
freezing process and how they relate to the conditions of cells afterwards is
necessary to identify the most effective procedures.
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1.2.2. Cryopreservation
There is an organ shortage in the United States. According to the United
Network of Organ sharing, this is the most significant issue facing the transplant
community. At the end of 2003, over 86,000 people were on the waiting list for
receiving an organ or tissue transplant, and only 13,275 people donated organs
or tissues that year.

Over 7,000 people died waiting for organs in 2003

(OPTN/SRTR, 2004).
One of the solutions being considered is tissue engineering, or the
creation of artificial tissues for transplant and regeneration in patients. Many
advances have been made in the field, but it is still necessary to be able to store
these tissues for extended periods of time before they can be transplanted into
patients. Cryopreservation is one proposed solution to this problem.
Cryopreservation aims to keep living cells, tissue, and ultimately organs
alive for prolonged periods through carefully controlled freezing and thawing.
When a cell or tissue culture is subjected to a cooling rate, the surrounding
extracellular fluid tends to freeze first. As parts of the extracellular fluid freeze,
the remaining fluid becomes more concentrated with solute. The water inside the
cells, still unfrozen, will leave the cell in order to try and equilibrate the
intracellular and extracellular solute concentrations. This is known as cellular
dehydration.

When the temperature reaches a certain point, based on the

cooling rate, cell type and other factors, if there is any water remaining within a
cell, it will freeze. This is known as intracellular ice formation (IIF). Both IIF and
cellular dehydration have been shown to be harmful to the survival of cells after
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thawing (Mazur, 1970). The balance of these two phenomenon characterizes the
freezing history of the cell or tissue sample.
There are two main issues that need to be resolved in cryopreservation
(Bischof, 2000).

Firstly, cryopreservation requires the use of cryoprotective

agents (CPAs), which are easy to insert into cells but difficult to administer
uniformly to tissues.

Research is being done with NMR spectroscopy and

microscopic analysis to analyze CPA penetration into tissues (Isbell, et al., 1997;
Fuller, et al., 1989).

Additionally, ice formation and dehydration need to be

optimized.
The problem of measuring and monitoring cellular dehydration in tissues
has been addressed through the use of calorimetry (Devireddy and Bischof,
2003) and freeze substitution (Pazhayannur and Bischof, 1997). However, there
is currently not an adequate method for measuring IIF in cells as part of a tissue
culture. Although modeling has been developed (Bischof and Rubinksy, 1993;
Devireddy, et al., 2002), there is a lack of experimental data to validate the
models of cell freezing in tissues.

In order to maximize the usability of

cryopreservation, it is important to understand all of the phenomena occurring in
a tissue system during freezing.
1.3. Proposed Device
1.3.1. Objective
The goal of the device is to be able to relate post thaw viability and
mechanical properties to the freezing history, defined as the interaction of IIF and
cellular dehydration, of cell and tissue cultures. An array of micro thermocouples
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is proposed to monitor individual cells during cooling, in order to determine when
ice formation occurs in cells.
When a cooling rate is applied to tissues, and cells freeze, there is a brief
temperature increase in the cell due to the release of the latent heat of fusion
during ice formation. If a device can monitor individual cell temperature, the time
of occurrence of the temperature jump in each cell will be known. This translates
to knowledge of when each cell freezes, so that there can be a record of the time
history of freezing of the cell matrix sample.

Combined with data on the

dehydration of the cells during freezing, which can be obtained with another
sample under the same conditions, the entire picture of what takes place during
the cooling process can be related to the cell survival rate and the post thaw
mechanical properties. This can lead to a better understanding of the freezing
process in tissues, and provide valuable data for future work in the field of
cryopreservation and cryosurgery.
It is generally an easy task to monitor freezing in individual cells, since the
cells can be observed directly under a microscope. Freezing in cells that are part
of a tissue is more difficult, however, because they are not always translucent
and cannot always be easily visualized. This means that another method must
be used to detect the ice formation.
1.3.2. Approach
This work was intended to lay the foundation for future generations of
sensor arrays.

Making the prototype first allowed more focus on the design

issues without serious problems in instrumentation and data acquisition, and also
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allowed testing of different thermocouple geometries on a single wafer. Two sets
of arrays of 9 (3x3) type-T thermocouples, with different geometries and centerto-center spacing for both sets of arrays, were fabricated. A cell culture will be
placed directly above the thermocouple junctions, and a cooling stage placed
below the device.

As a cooling rate is applied, the thermocouple array will

monitor the freezing of cells within the culture. The thermal response of the
device was modeled, and a proof of concept prototype was fabricated and tested.
A second generation device will have an array of 100 (10x10) type-T
thermocouples spaced at 50 µm apart to measure temperature in the
neighborhood of a single cell.

A third generation device will include

thermoelectric coolers interspersed within the thermocouple array allowing
modulation of temperature around individual cells. Although the coolers are not
able to provide a very large change in temperature, and external cooling is still
required, they will provide information about cellular response to local
temperature input, and this would help to control freezing of individual cells.
1.4. Future Chapters
One of the main concerns in designing the device was ensuring that each
thermocouple can indeed register individual cell temperature without being
significantly influenced by neighboring cells.

Chapter 3 presents the finite

element modeling that has been done for this device to help in the design phase.
The fabrication of the prototype device was done through a multi-step
photolithography process. Many factors were involved in fabrication, including
mask fabrication, alignment, tolerancing issues, electroplating parameters, and

5

UV exposure times. The research and testing that has been done as well as the
steps used to fabricate are included in Chapter 4.
To calibrate the device, voltage responses were recorded from several of
the microthermocouples for a range of different temperatures. Calibration curves
were formulated from the data, although the results were inconclusive, and
require more testing. After successful calibration, the device can then be used to
monitor freezing in cell tissue cultures. Chapter 5 presents information on the
calibration and testing of the device in greater detail.
conclusions reached and recommendations for future work.
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Chapter 6 gives

2. Background
This chapter is intended to provide some information on the nature of cell
and tissue freezing phenomena, along with a review of some of the experiments
and modeling that have been done in the field. The final section will touch upon
thermocouple theory and micro temperature sensing devices developed in the
past.
2.1. Cellular Response to Freezing
It is important to understand that there are differences between simple cell
effects and tissue effects during the freezing process.

Most research has

focused on the cell response, and data on tissue response have been more
limited (Bischof, 2000).
2.1.1. Dehydration with Intracellular Ice Formation
As a cell culture is subjected to a cooling rate, several complex
phenomena occur that make this process interesting to study and difficult to fully
predict and understand. The extracellular matrix of fluid around the cells will tend
to freeze first, before the water inside individual cells freezes. This means that
the water in the cell supercools, or exists below its normal freezing point, but
eventually, when the temperature is low enough (often between -10 °C and
-15 °C), ice will form inside the cell (Mazur, 1965 ). This is known as intracellular
ice formation (IIF).
As parts of the extracellular fluid freeze, and the fluid inside the cells
remains unfrozen, the difference in vapor pressure between the interior and
exterior of the cell causes them to lose water to their surroundings (Mazur, 1970).
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As water leaves the cell, solute concentration inside the cell increases, lowering
the vapor pressure in order to reach equilibrium. This phenomenon is known as
cellular dehydration. The rate of this dehydration is governed mainly by the
cooling rate and the permeability of the cell membrane to water (Mazur, 1963).
An interesting effect of this dehydration of cells is that there is a critical cooling
rate, above which ice formation occurs inside a cell, and below which, there is
(virtually) no ice formation inside the cell because the liquid leaves the cell before
ice can form (Mazur, 1970). The importance of this critical cooling rate is that ice
formation in cells has been shown to be damaging and even lethal (Mazur,
1970).
2.1.2. Solution Effects
As water leaves the cell, the solute concentration inside the cell increases,
solute begins to precipitate, and the pH of the solution increases. Ultimately, all
solutes would precipitate before the water in the cell freezes (Mazur, 1970). The
amount of precipitation is dependant on the temperature of the system at a
constant pressure, as long as vapor pressure equilibrium can be achieved
(Mazur, 1970). Since solute concentration inside the cell is increased, the rate of
cooling affects how long the cell will be subjected to a more highly concentrated
solution.

It has been shown experimentally that an increased solution

concentration can be damaging to cells (Lovelock, 1953). The faster the cooling
rate, the shorter the amount of time the cell will experience this exposure.
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2.1.3. Cell Warming and Recrystallization
Once the cell is completely frozen, it is still possible for it to become
damaged through ice grain growth and recrystallization. If a cell culture is frozen
rapidly, it creates small ice crystals, which can unite when warmed again and
form larger crystals to reduce surface energy (Menz and Luyet, 1961). The most
dramatic recrystallization occurs when the warming is slow (Mazur, 1970). In
studies done on several kinds of cells, the growth of ice crystals was shown to be
more damaging than their formation (Mazur, 1970). It has been hypothesized
that the lipids in cell membranes can start to leak due to solution effects. These
leaks can cause the cell to flood with solution on warming, damaging or
destroying the cell (Mazur, 1970).
2.1.4. Tissue Response to Freezing
Tissue freezing is similar to single cell freezing, in the sense that both
cellular dehydration and IIF occur, but there are a few differences.

During

dehydration, in addition to the increase in solute concentration, cells that are part
of tissues can be damaged from shrinkage of channels of unfrozen medium that
form in tissue where cells reside (Mazur, 1984). Ice tends to form more easily in
cells that are part of a tissue than in individual cells, because of cell to cell
interactions (Irimia and Karlsson, 2002). In addition, it is difficult to uniformly
freeze and distribute cryoprotective agents throughout the tissue (Bischof, 2000).
2.1.5. Release of Energy as Cells Freeze
One other phenomenon occurring when cells freeze or when any aqueous
solution freezes, is the release of energy upon freezing, and the accompanying
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temperature increase in the immediate surroundings. When water crystallizes, it
releases energy from the latent heat of fusion. The amount of energy released is
based on the mass of water that is frozen, and the temperature at which this
freezing occurs.

The released energy heats the cell and the immediate

surroundings. This insight will be applied in the current project.
2.2. Developments in Cryobiology
There have been many advances in the field of cryobiology that have lead
to promising developments in the field. The goal of much of this work is to get a
better understanding of the events that take place in cells and tissues during the
freezing and thawing process, as well as relate post cell viability to cellular
events during freezing. These next sections will detail some of the work that has
been done in this area.
2.2.1. Maximizing Cell Survival
During the freezing process there are several opportunities for cells to be
damaged and killed. As discussed earlier, two main events, IIF and solution
effects cause damage in cells. Ice formation in the cell occurs when the cooling
rate is fast, and water does not have a chance to leave the cell before freezing
occurs.

If cooling is too slow, however, cells can be damaged by high

concentrations of solutes remaining in the cell due to dehydration, and also in
tissues from shrinkage of channels around the cell.

Since both events are

affected by the cooling rate in a different way, there tends to be an optimum
cooling rate that balances the effects of these two phenomena (Mazur, 1970).
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The rate is different for different cells, depending on cell size and its permeability
to water.
One tool used to aid cells in survival of freezing temperatures is the cryoprotective agent (CPA). For some cells, cooling rates that are low enough to
prevent IIF are also slow enough to give cells dangerous exposure to solution
effects, and there is therefore no optimum cooling rate (Mazur, 1970). In order to
improve this situation, protective additives such as glycerol or dimethyl sulfoxide
may be added to the cells (Mazur, 1970).

The CPAs work by reducing the

amount of damaging electrolytes in unfrozen portions of the cell and therefore
lessening the damage from solution effects (Mazur, 1970).

The task of loading

the CPA before freezing and unloading it after thawing is important to minimize
damage to cells. Applying CPAs to individual cells is a relatively simple matter,
but applying CPAs to tissue samples can be more complicated, and the problem
has not been completely solved for larger tissue systems (Bischof, 2000).
2.2.2. Observing and Quantifying Freezing Effects on Cells
The study of cryobiology involves interesting engineering challenges
because of the nature of the science. The part of the system that needs to be
observed, the cells, are very small (around 30 µm diameter), and the
temperatures that are being used can be as low as -196 °C. In addition, when
tissues are involved, visual observation becomes more difficult.

The past

developments in the field of observational devices are important in understanding
future needs for devices to study freezing effects.
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The development of the cryomicroscope stage by Sachs was an important
advancement in cell freezing analysis (Diller, 1997). The device consisted of a
cooling stage with a microscope that allowed visualization of cells and cellular
dehydration. Molisch made a similar device and was able to study dehydration
as well as IIF (Diller, 1997). The studies of Sachs and Molisch were significant,
but were also mainly qualitative observations of cellular phenomena. Diller and
Cravalho (1970) developed a crymicroscope that could give precise control of
cooling rates. Walcerz (1991) modified the design to allow CPAs to be added
during the execution of freezing protocols to get a better understanding of their
effect. Another development came through a device that had a moveable stage
to follow the freeze front under a microscope for viewing.

This allowed for

viewing of large specimens and also for better, longer analysis of the freezing
process itself (Diller, 1997).
These microscopes work very well for observing cellular freezing and
dehydration effects. IIF can be observed simply as a change in color or texture
of a cell optically, and dehydration can be observed through cell shrinkage,
although simply observing shrinkage can lead to some inaccuracies, since the
image is not three dimensional and cell boundaries can be hard to accurately see
through extracellular ice (Diller, 1997). The main concern for tissue studies is
that they can often be thick, and not as translucent to light, thus not allowing
simple visual observations of a sample. The study of tissues has therefore been
more recent, and developments in that field are detailed separately.
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2.2.3. Cell and Tissue Models
Several groups have developed mathematical models to predict cell
behavior under varying conditions.

The first, most prominent, model was

developed by Mazur for water transport in single cell freezing (Mazur, 1963).
Levin, et al. (1976) modified Mazur’s model and improved the temperature
dependent simulation of cell permeability.

Pitt, et al. (1992) developed a

statistical model to predict intracellular ice formation in a large variety of cells
under several conditions. Toner, et al. (1990) developed a more detailed model
to predict ice formation in cells coupled with cellular dehydration.

Later,

Karlsson, et al. (1994) developed a model of ice crystallization within a single cell
that also took into account the effect of CPAs as well as the growth of
intracellular ice crystals.
Several models have also been developed to predict cell behavior as part
of a tissue during freezing. Rubinsky and Pegg (1988) created a model to predict
cellular dehydration in biological tissues that combines the well known Krogh
Cylinder model for mass transport and Mazur’s single cell freezing model.
Bischof and Rubinsky (1993) developed a model that also included IIF.

An

improved model was more recently developed by Devireddy, et al. (2002) that
uses a coupled thermal/biophysical approach to study heat and mass transport in
tissues during freezing.
2.2.4. Experimental Tissue Dehydration Data
With such tissue models available, it is important to be able to run
experiments to test the data from them. A few experiments have been performed
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to monitor cell dehydration in tissue samples. Pazhayannur and Bischof (1997)
used a directional solidification method followed by freeze substitution to get data
on cell dehydration during the cooling process. In directional solidification, a
stage is moved between two blocks at different temperatures, Thigh and Tlow. By
varying the velocity of the stage, a constant cooling rate can be achieved.
The procedure of Pazhayannur and Bischof was a two-step method. The
first step was cooling the sample to an intermediate temperature, where
dehydration still occurred, and then immediately slam freezing to give a
“snapshot” of what the system looked like at a certain temperature, given a
certain cooling rate. Slam freezing means the sample was put into contact with a
very cold conductive block that freezes the sample with a cooling rate over 1000
°C/min.

The next step was freeze substitution, whe re frozen sections were

replaced with resin to facilitate analysis. After performing several experiments,
with each sample cooled at the same rate, but to a different intermediate
temperature before slam freezing, the data were analyzed to determine the
dehydration characteristics of the tissue samples.
A second method was tested by Devireddy and Bischof (1998).

This

method used differential scanning calorimetry (DSC) to measure the heat release
of a tissue system during freezing. The heat release measured was correlated to
the amount of water remaining in the cells at the time of freezing.
2.2.5. Experimental Tissue Freezing Data
Though some data has been collected, it is generally difficult to get
freezing data for tissue (Bischof, 2000). For example, pancreatic islets, which
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have low cell density and loose connective tissue, have been successfully
observed under the microscope during freezing (De Freitas, et al. 1998). Most
tissues are more difficult to monitor during freezing, which precludes the use of
cryomicroscopy to determine events during cooling. Irimia and Karlsson (2002)
did experiments along with modeling on a micropatterened tissue construct to
determine the effect of ice nucleation in one cell on adjacent cells. Through the
use of microfabrication, the group was able to selectively grow two cells next to
each other in order to remove any outside influences, and focus on cell to cell
effects which should ideally be similar to effects in natural tissues.
2.3. Thermocouples
Thermocouples were chosen to measure the cell temperature for several
reasons. They are a relatively simple instrument and simplicity can lead to easier
fabrication and instrumentation. Certain thermocouples can be electrodeposited
into recesses, which allows for micro-patterning.

In addition, as long as the

junction area is small, the response time will be fast and should be more than
sufficient to measure the temperature change in the cells. In order to have a
better understanding of the methods and characteristics involved with
thermocouples in the device, a short introduction to thermocouples, along with
some background on micro-thermocouple devices developed in the past is
presented.
2.3.1. Introduction
A thermocouple, in its simplest form, consists of two different metals and
an EMF measuring device (Figure 2.1). The wires of the two metals meet at two
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separate junctions, and a voltage measuring device is placed in series within one
of the wires. When there is a temperature difference between the two junctions,
there will be a voltage difference within the circuit, measured at the EMF
measurement device. If the circuit is closed (no voltage measuring device) then
a current will flow instead.

For a small change in temperature, there is

corresponding small change in voltage, proportional to the Seebeck Coefficient of
the metal pair (Eq. (2.1) (ASTM, 1970).
dE s = α A, B dT

(2.1)

Here, A and B are the two metals of the couple, dEs is the incremental Seebeck
Voltage, dT is the incremental temperature change, and αA,B is the Seebeck
coefficient. The Seebeck coefficient depends only on the two metals used in the
thermocouple, and the voltage produced is independent of the size or shape of
the junctions or of the surrounding circuit, though size can affect junction
temperature, and depends solely on the temperature of the two junctions and
which conductors are used in the circuit (MacDonald, 1962). Since the voltage
measured is based on the difference between the two junction temperatures, one
junction is known as the measuring junction, and the other is the reference
junction.
There are actually several phenomena that occur when there is a
temperature gradient and/or an electric field involved with one or more
conducting metals. It is a good idea to have a general understanding of these
effects, since they may have an affect on the heat transfer of the system, and
they are discussed briefly below.
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Figure 2.1. T-type Thermocouple schematic.

Joule heating occurs in a single conductor due to electrical resistivity, and
always produces heat. If a current flows through a circuit of two different metals,
then heat will be evolved or absorbed at the junction of the metals, depending on
the relative Seebeck coefficients and direction of the current through the
conductors. This is known as the Peltier effect, and the heat generated does not
depend on the size or shape of the junction. (MacDonald, 1962). The Thomson
effect is a reversible phenomena, causing heating or cooling, that occurs when
there is an electric current flowing through a single conductor where a
temperature gradient is also present. The magnitude of this heat generation or
absorption is based on the relative direction of current flow and heat flow. When
modeling a heat transfer system that includes thermocouples, it is important to
determine if Joule heating, and Peltier or Thomson effects will be significant.
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2.3.2. Thermocouple Laws
Thermocouple characteristics are governed by three basic laws. These
laws are based on experimental results that have been repeatedly confirmed
(ASTM, 1970).
The Law of Homogenous Materials: A thermoelectric current
cannot be sustained in a circuit of a single homogenous material,
however varying the cross section, by the application of heat
alone.
The Law of Intermediate Materials: The algebraic sum of the
thermo-electromotive forces in a circuit composed of any number
of dissimilar materials is zero if all of the circuit is at a uniform
temperature.
The law of Successive Intermediate Temperatures: If two
dissimilar homogenous metals produce a thermal EMF E1 when
the junctions are at T1 and T2, and an EMF of E2 when the
junctions are at T2 and T3, the emf of junctions at T1 and T3 will
be E1 + E2.
(ASTM, 1970)

The first law states that there must be at least two different metals to create an
EMF, and any EMF that is measured in a single metal is due to local
inhomogenities, regardless of the level of nonuniformity in the applied
temperature. The second law states that another material may be added to the
circuit, without changing the properties if its extremities are at the same
temperature. In addition, how the junction is formed, as long as it has good
thermal and electrical contact does not affect the voltage measurement. The
final law states that thermocouples calibrated at one reference temperature can
be used at any other reference temperature with a correction factor. In addition,
extension wires with the same characteristics as the thermocouple materials can
be put into the circuit without changing the EMF.
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2.3.3. Reliability and Sources of Error
One aspect that is important to consider in any sensor is how reliable the
measurements from that device are. It is important to understand where the
error comes from, and how it can be minimized. The section below highlights the
areas where error can be accumulated.
Error can come from not having a completely accurate temperature
reading on the standard temperature measurement device for the calibration. In
addition, a lack of temperature uniformity in the medium used for calibration may
cause error, in that the thermocouple is at a different temperature from the
standard temperature sensor. There may also be some error from curve fitting
between calibration points.
Local (macroscale) inhomogenities in thermocouple wire composition can
cause EMF changes that appear in the voltage measurement.

If there is a

temperature gradient present through this inhomogenity, a voltage that will alter
the EMF readings between the measuring and reference junction will be
generated (ASTM, 1970). This can especially be a concern in electrodeposited
thermocouples, since it can be difficult to keep the plating uniform over the entire
surface, and therefore, difficult to keep the alloy composition uniform in all areas.
Reference junctions are also sources of error. This error may stem from
not accurately measuring the reference junction temperature or from not
accurately keeping the reference junction at a standard temperature. Figure 2.2
shows an example of a common thermocouple setup. The reference junctions
are found at points 1 and 2 in the figure. This type of circuit commonly contains a
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Figure 2.2. Thermocouple schematic with reference junction
temperature compensating circuit.

temperature sensitive resistor to compensate for the circuit temperature,
therefore keeping the reference junction at a known temperature is unnecessary.
In addition, as long as the two junctions and the voltage measuring circuit are at
the same temperature (T2), any conductor may be used in that part of the circuit
to accurately measure the temperature at T1. If the reference junctions or the
circuit are at different temperatures, however, errors can be introduced into the
measurement.
When measuring EMF, error can be introduced by the measuring device.
Resistance in the thermocouple circuit can influence the sensitivity of the
measurement. Reducing the length of wire or increasing the cross sectional area
can help to limit this error.
There may be electrical noise from external sources, particularly
fluorescent lights, which may induce voltages in the thermocouple wires. This is
20

especially a concern in the wires before amplification, because the voltages are
very small. A remedy is to apply a filter within the circuit to remove stray voltages
that occur at a certain frequency.
2.3.4. Transient Temperature Measurement Considerations
In a transient environment, in addition to accurately measuring steadystate temperature, thermocouples must be able to respond quickly to changes in
temperature. This means that the thermal capacitance of the junction should be
minimized. As a simple approximation, assuming that the junction is at a uniform
temperature, one can treat it as a first order lumped system (Goldstein et al.,
1998) (Equation 2.2).

ρVc p

dθ
= hAθ
dt

(2.2)

Here ρ is the density, V is the volume of the junction, cp is the specific heat, θ is
the difference in temperature between the junction and surrounding fluid, h is the
convection coefficient and A is the surface area of the thermocouple. Solving the
differential equation, the time constant is shown in Equation 2.3.

τ=

ρVc p

(2.3)

hA

The time constant is the amount of time required for the thermocouple to reach
63.2% of the surrounding temperature value, in response to a step change in
temperature. The time constant can be used as an approximation to assess how
well a certain sized thermocouple junction will respond to the frequency of

21

temperature change expected. The volume should be minimized and the surface
area maximized for the best response time.
2.3.5. EMF Measurement
One of the key elements in the thermocouple circuit is the measurement of
the voltage generated. When the reference temperature is known, the voltage
measurement will reflect the temperature to be determined.

Generally, for

making voltage measurements in a thermocouple, a potentiometer is used. The
potentiometer works by balancing the voltage from the thermocouple circuit and
a standard cell, in order to determine the voltage produced by the thermocouple.
The current ideally is zero when the voltage is balanced, so resistance in the
wires of the thermocouple circuit should ideally not affect the measurement, but
in practice can influence the sensitivity of the balancing galvanometer (ASTM,
1970).
2.3.6. Installation Effects
A consideration that must be investigated in any physical system where
data are gathered, is the effect of the observational tools on the quantity being
measured. Thermocouples, which have a high thermal conductivity, and are, in
this case, in direct contact with the item being measured and can have a
significant effect on the sample. In the system being studied, since the sizes are
very small, and the thermocouples are comparable in size to the cells, it is
possible that they will extract a great deal of heat from the system and change
the expected measurement. This problem is further discussed in the modeling
section.
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2.3.7. Reference Junctions
As stated earlier, a thermocouple gives a voltage measurement based on
the difference in temperature between a measuring junction and a reference
junction.

In order to obtain an accurate reading of the measuring junction

temperature, the temperature of the reference junction must also be accurately
known. There are three common options for dealing with this situation.
It is possible to use an ice bath to keep the reference junction at 0 °C, and
therefore be able to measure the voltage accurately. The key requirement is to
have a good mix of ice and water and to ensure that the temperature is uniform;
some care must be taken so that the temperature will be very close to 0 °C
(ASTM, 1970).
A second option is to use a circuit with a temperature sensitive resistor at
the point of the reference junction (Figure 2.2). The circuit compensates for the
reference junction temperature. The temperature sensitive resistor must be at
the same temperature as the reference junction to accurately give the correct
compensation.
Another option is to measure the temperature at the reference junction
with another thermocouple, and feed this back into the original circuit to set the
compensation. This method can be used when it is not possible to adequately
place a temperature sensitive resistor at the point of the reference junction.
2.3.8. Calibration
Thermocouple calibration is necessary in order to accurately correlate a
voltage reading on the EMF measurement device to a temperature at the
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measuring junction.

For standard thermocouple materials, calibration has

already been done, and tables or equations are available to convert a voltage
reading to a temperature. With this information, any commercial thermocouple
can be used off the shelf to give a measurement with some amount of published
error off from the standard. In the case of electrodeposited thermocouples, the
standard

generally

cannot

be

used,

as

the

Seebeck

coefficient

of

electrodeposited metals can vary from the bulk material and because the
composition may not be uniform throughout the alloy.
For a macro-scale thermocouple, calibration is done by comparison to
another temperature measurement device (ASTM, 1970). The procedure is to
maintain the thermocouple at a temperature that is known through another
temperature sensing device. The voltage is recorded when the thermocouple is
held at several different temperatures, so that the entire range of expected
temperature values can be covered. A calibration curve can be fit to the data, so
that any point within the range can be measured in practice. In the case of
micro-thermocouples, the procedure would be the same, except that care must
be taken to ensure that the temperature of the medium used for calibration is
kept highly uniform, because of the fact that it may be difficult to accurately
mount the temperature sensing standard as close as possible to the microthermocouples.
2.3.9. Microthermocouples
Several groups have fabricated micro-thermocouples in the past. Much of
the work has focused on microscale temperature measurement of electronics.
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The method used is through scanning the surface of these devices with
thermocouple sensors placed on the end of an atomic force (AFM) or scanning
tunneling microscope (STM) cantilever. Fabrication of these devices is generally
through multi-step silicon wafer processing including thin film deposition and
chemical etching.
Williams and Wickramasinghe (1986) were the first to put a thermocouple
on the tip of an STM.

Their objective was to image the surfaces of

nonconductive materials, and not specifically for measuring temperature as the
end result. The device tip had a size and special resolution of around 100 nm. It
was determined that the bulk of the heat transfer from the tip to the surface was
through gas conduction, rather than directly from the tip touching the surface. In
this case, resolution was based on the mean free path of gas conduction.
More recent micro-temperature sensors have been in the form of AFM tip
thermocouples (Shi and Majumdar, 2001), allowing topographic and thermal
images of a specimen to be taken at the same time. However, gas conduction
was still the dominant means of heat transfer. Luo et al. (1996) used cantilevers
with thin film thermocouples and was able to achieve a higher special resolution
(below 100 nm), apparently because of liquid film at the contact point. This
suggested that the mean free path of gas conduction could be avoided as the
limiting factor in temperature measurement, however the results were
inconclusive (Shi and Majumdar, 2001).
One of the biggest concerns in microscale thermocouple measurements is
the effect of the measuring probe on the environment. The thermocouple tends
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to draw heat away from the sample, thus affecting the measurement. Tip design
is critical because of this, and the thermal resistance of the cantilever has a direct
impact on the resolution and accuracy of the temperature measurements (Shi
and Majumdar, 2001) The thermal resistance of the actual cantilever that the
thermocouple is attached to should be high, so heat should not flow rapidly down
the cantilever away from the sample. In addition to good tip design, Nakabeppu
and Suzuki (2002) produced an active thermocouple probe that would attempt to
equilibrate the temperature of the tip with the surface, in order to minimize
temperature measurement errors through tip to sample conduction. The
drawbacks of this method were more complex instrumentation and a slower
response time compared to a passive probe with the same geometry, allowing
only a 50 Hz sampling rate. Heat flow detection sensitivity in the system was
also too small for real temperature measurement.
For the most part, research in microscale thermometry has been limited to
individual

temperature

sensors,

though

batch

fabrication

of

cantilever

microthermocouples has been reported (Shi, et al., 2001). Park and Taya (2004)
have reported fabrication of a thin film type-T thermocouple array of 10x10
junctions in a 9 mm x 9 mm area in order to measure the temperature distribution
on electronic microchips.

Gualous et al. (2001) have tested an Au-Pd

thermocouple array of 16 junctions, each with an 8µm x 8µm surface area and a
140 µs response time.
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3. Thermal Modeling
3.1. Background
Thermal modeling of the micro-thermocouple junctions and their
surroundings was done in order get a better understanding of the local
temperature effects from different design factors. This chapter gives a detailed
explanation of the prototype device and its operation, discusses the steps used in
thermal modeling of the system, and presents and discusses the results.
3.1.1. Objective
The device was to monitor individual cell temperature and cell freezing in
a cell tissue culture over a period of time. As a cooling rate is applied to these
cells, the temperature drops, and the cells eventually freeze. The freezing of
cells releases heat, which can be measured as a transient temperature increase
by a thermocouple array spaced on the order of the cell size. Optical methods of
determining the time and rate of cell freezing may be inadequate in a tissue
culture because it is not always transparent to light. This is meant to be a proof
of concept test device to determine the adequacy of this method of temperature
acquisition for this application.
3.1.2. Experimental Apparatus
The prototype instrument consisted of a sensing area, instrumentation
section, and a cooling stage (Figure 3.1)

The sensing area consisted of a

thermocouple array with wire traces microfabricated on a single silicon wafer
(details on fabrication are given in Chapter 4). The cell culture will be placed at
the center of this area, above the thermocouple array, where the individual
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Figure 3.1. The experimental setup for the device

measuring junctions are located. The array consisted of 9 thermocouples plus
one reference temperature thermocouple (Figure 3.2). The thermocouples were
type-T, so one of the leads was copper, and the other lead was constantan (55 %
Cu, 45 % Ni). Wire traces transferred the voltage signal to junctions in the
instrumentation section. The thermocouples and leads sat on a silicon wafer and
in the future, would be embedded in SU-8 photoresist (Microchem, Newton, MA)
to create a level surface for the cell culture.
The leads of each thermocouple connected to the instrumentation section
through spring-loaded gold fingers. The gold contacts were on a printed circuit
(PC) board that contained amplification and reference junction compensation
circuitry. The reference junctions for each thermocouple were located at the
interface between the gold contacts and the Cu and Cu-Ni wire traces.

A

separate, off- the-shelf, type-T thermocouple (model 5TC-TT-T-40-36, Omega,
Stamford, CT) was used to monitor the temperature at the reference junction,
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Figure 3.2. Top view of the thermocouple junction array and leads

and feed that information back for compensation.

After the signals were

amplified and filtered on the PC board, the analog voltage reading from each
thermocouple was sent to a data acquisition card (Model PCI-6229, National
Instruments, Austin, TX), to be analyzed on a computer.
The final part of the experimental setup was the cooling stage (Model
BCS-196, Linkam®, UK), which used liquid nitrogen to cool a 22 mm diameter
circle at the center of the base and a heater to control the cooling rate. The
center of the micro-patterned wafer and the thermocouple array were fixed
directly above this cooling circle.
3.2. Device Requirements
Ideally, each thermocouple would measure the temperature of an
individual cell, without registering any crosstalk from neighboring cells. When a
cell freezes immediately next to one thermocouple, an adjacent thermocouple
should not also show a significant temperature change. The arrangement of the
thermocouples should also be such that it minimizes the space where multiple
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thermocouples detect a strong signal from a cell freezing (thermocouples are too
close together), but also ensure that they are not so far apart that many cells are
not immediately near a thermocouple junction. In addition, the thermocouples in
the device should have the smallest possible influence on the thermal
characteristics of the environment.
A concept for the shape of the thermocouple junctions was developed and
evaluated through modeling.

A vertical post layer was inserted between the

wiring and thermocouple junctions, to help isolate the cell heat release from the
large area of high thermal conductivity wiring that was necessary in the device.
A schematic of this arrangement is shown in Figure 3.4, later in the text. The
performance of various sizes of posts as well as an arrangement without posts
was assessed through thermal modeling.
3.3. Methods and Calculations
3.3.1. Preliminary Models
Two model types were considered before choosing a finite element
analysis. Finite difference methods were used first. It was determined that the
geometry was too complicated to do a proper model in the time frame allotted. A
bond graph analysis was also considered because of the ability to effectively
combine multiple energy domains. Thermoelectric, as well as thermal effects
can be accounted for using such a model. However, because the currents used
in the device were so small, the thermoelectric effects were negligible, and
assumed to be unnecessary in accurately solving the problem to the accuracy
desired.
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3.3.2. Finite Element Modeling
Finite element modeling was determined to be the best way to solve the
complex problem of heat transfer through the cell with multiple material types and
a complicated geometry.

The goal of the modeling was to determine how

different factors influenced the thermocouple response. It was not expected to
give exact results, but rather to give approximations and trends, in order to aid in
the refinement of the design of the instrument. The procedure for modeling the
device using ANSYS finite element software (Version 9.0, Canonsburg, PA) is
outlined in the following sections. The modeled system consisted of an SU-8
base with embedded thermocouples, a single cell, and surrounding tissue culture
(Figure 3.3). A cooling rate was applied to the system to simulate the action of
the cooling stage, and a heat generation rate was applied at the cell to simulate
cell freezing.

The temperature response at the thermocouple junctions was

observed as the parameters were varied.
3.3.2.1. Assumptions
3.3.2.1.1. Thermoelectric Effects
One of the concerns in modeling the system was the significance of
thermoelectric Peltier, Joule, and Thomson effects on the heat transfer
characteristics. Each of these effects is based on the amount of current flowing
through the conductor.

In an ideal case, the Seebeck coefficient would be

measured with an open circuit, and none of the other thermoelectric effects
would occur. The EMF measuring device actually used in the circuit would make
current close to zero during measurement. For example, the magnitude of the
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Figure 3.3. Finite element modeling setup. (a) Entire model view. (b) Detailed view of
cell and thermocouple junctions.

voltage generated by a type-T thermocouple with a 2 °C temperature change is
-76 µV (ASTM, 1970).

If the circuit resistance, including the voltage

measurement device, is 1 MΩ, the current would be ~7x10-11 A.

Since the

magnitudes of these effects are all based on the magnitude of the current, the
contributions will be negligible, and should not significantly influence heat transfer
in the system.
3.3.2.1.2. Latent Heat Release of Cells
A cell, though comprised mostly of water, tends to freeze at temperatures
lower than the expected freezing point of water. The energy released from the
latent heat of fusion of ice when the cell freezes changes the local temperature.
Cell freezing in the finite element model was treated as a material property
change from water to ice, accompanied by volumetric heat generation.

The

calculations for determining the duration and heat release are detailed in section
3.3.2.7.
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3.3.2.2. Geometry
3.3.2.3. Cell Size and Thermocouple Spacing
The cells used in the design of the device were Neonatal Human Dermal
Fibroblast (NHDF) cells, which have a mean diameter of 30 µm. In order to
measure the temperature in the neighborhood of a single cell, the center to
center spacing of the thermocouples needed to be comparable.

Since the

spacing was small, one of the concerns was that modeling might show that a cell
freezing near one thermocouple registered strongly at another thermocouple as
well. This would cause a problem in terms of recognizing whether a single cell
froze, or if multiple cells froze because the temperature jump might be read on
multiple thermocouples. Therefore, one modeling goal was to establish if this
was a problem, and if it could be minimized, through some sort of insulation or by
increasing the spacing between thermocouples, if necessary.

Thermocouple

spacings, center to center, of 45 µm, 50 µm and 55 µm were modeled to
determine any trends. The smallest possible spacing with the current fabrication
techniques is 45 µm, and the other two spacings were chosen arbitrarily.
3.3.2.2.2. Model Simplification
One of the concerns in modeling the system was that the entire
microsystem, including the thermocouple array and leads, was very large (3 cm
diameter) compared to the smallest structural entity fabricated in the device (3
µm diameter). In order to properly model the system with finite elements without
requiring a prohibitive number of elements, smaller boundaries were chosen for
the system.
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The boundary was chosen large enough so that the size did not influence
the results at a single device, but small enough that the number of elements
needed to compute a solution did not become problematic.

Figure 3.3,

presented earlier, shows the selected boundary area, a size of 500 µm x 250 µm
x 300 µm. The size of the area chosen was tested by expanding the boundaries
and running the same simulation case again to determine the magnitude of
changes in the results. A 40 % increase in size created a 0.007 % change in
temperature at the thermocouple junction.
Another method used to simplify the system was to limit the number of
thermocouples to three, instead of the nine that are present in the actual the 3 x
3 array on the device. This was done because of difficulties in meshing the full
array. The justification for using only 3 thermocouples was provided by modeling
geometries of, one, two and three thermocouples, and comparing the difference
in results. This data are presented in section 3.4.5.3 later in the chapter.
3.3.2.2.3. Effect of Thermocouples on the System
In designing the arrangement of the device, alternate thermocouple
geometries were modeled. The main concern in introducing thermocouples into
a cellular system was the effect on the environment being measured. Since the
thermocouples had high thermal conductivity compared to the surrounding
medium, they would tend to rapidly conduct heat away from the cell. When a cell
froze, a thermocouple might not register strongly enough and the voltage reading
might be too small to adequately distinguish from noise, keeping in mind that the
sensitivity of a type-T thermocouple is only 38 µV/°C. Figure 3.4 shows two
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proposed thermocouple junction designs. Both designs have a wiring layer and
junction layer, with one of the designs employing an intermediate “post” layer.
The reasoning behind the two separate designs was based on the idea that the
wiring layer would significantly influence the system temperature due to the
relatively large volume of wires. An intermediate post layer might reduce the
effect of the wiring, and provide some thermal insulation between the cell and the
high conductivity wiring layer. Part of the modeling goal was to determine the
magnitude of the effect an intermediate post layer would have, since it would
require more steps to fabricate than the design without the intermediate layer.
A second design goal was to have the thermocouples as isolated as
possible,

from

each

other,

minimizing

interference

between

adjacent

thermocouples. Modeling of the system would help answer the question of how
much isolation was required.

It would be possible to determine if additional

insulation was needed between adjacent thermocouples.

The two design

Figure 3.4. Possible thermocouple junction geometries. (a) Junction arrangement with an
intermediate post layer to aid in isolation of junction from wiring layer. (b)
Junction arrangement without a post layer.
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possibilities, with and without intermediate posts, were also tested for the amount
of interference between thermocouples.
3.3.2.2.4. Tolerance and Fabrication Limits
Modeling can help determine what thermocouple dimensions are best, but
there is also a size limit based on fabrication capabilities. These fabrication
issues are covered in more detail in Chapter 4 on fabrication, but will be
highlighted here briefly for clarity. The sizes tested in the thermal modeling were
based on research and experiments done to determine what structure
dimensions could be readily fabricated. The height of the leads was limited by
the ability to plate constantan uniformly in a recess and the thickness of the
positive resist after spin coating.

Second, there was a limitation on how small

the thermocouple post diameter could be made due to UV mask fabrication and
exposing and developing resist.

Third, the junction area was limited by the

tolerances involved in mask alignment.
3.3.2.3. Boundary Conditions
Figure 3.5 displays the boundary conditions.

The four vertical wall

conditions were treated as insulators, to represent periodic boundary conditions
in those directions.

This was a simplification, because the actual heat flux

leaving the walls was unknown, but the boundary size was large enough that
insulation on the walls should not have affected the results at the junctions. The
top surface was treated as convection to air, with an average convection
coefficient of 10 W/m2 (Incropera and Dewitt, 1996). The bottom boundary was a
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Figure 3.5. Boundary conditions for the thermal model.

uniform heat flux to represent the cooling of the stage. The calculations for the
flux are presented in section 3.3.2.6.
3.3.2.4. Material Properties
Several materials were used in the modeling of the system (Table 3.1).
The cell culture, which includes cells as well as extracellular fluid, was treated as
water for this analysis. In an actual experiment, it would be a mixture of water
and ice, as the extracellular fluid and some of the cells would be frozen, while

Table 3.1. Material properties used in finite element model
Model
Section

Material
Used

Density, ρ
3
(kg/m )
100°K 200°K

Thermal Conductivity, k
(W/m·K)

273°K

100°K

100°K

273°K

100°K

999

999

4200

4200

4200

0.6

0.6

921

921

921

854

1570

2093

4.55

3.09

999

999

999

4200

4200

4200

0.6

0.6

SU-8/PMMA 1190 1190

1990

1400

1400

1400

0.17

0.17

0.17

Cell before
freezing

Water

999

Cell after freezing

Ice

Surrounding cells
and cell medium

Water

Device base

Specific Heat, c
(kJ/kg·K)

100°K

273°K

Kandra &
Devireddy, 2004
Kandra &
2.24
Devireddy, 2004
Kandra &
0.6
Devireddy, 2004
0.6

Copper lead

Copper

8933 8933

8933

252

356

377

482

413

404

Constantan lead

Constantan

8920 8920

8920

237

362

378

17.0

19.0

21.9
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Data
Source

Goodfellow,Inc.
Incropera &
DeWitt
incropera &
DeWitt

some of the cells would be unfrozen.

The model was also run with the

extracellular fluid treated entirely as ice, and the results are given in section
3.4.5.3. To facilitate meshing, the device base was treated as entirely SU-8,
rather than SU-8 surrounding the thermocouples on the sides with the silicon
wafer base below. Since silicon is more thermally conductive than SU-8, actual
results with a silicon wafer base should show a higher amount of heat transfer
away from the cell. The original device was intended for fabrication in PMMA
and this is how the modeling was done, however SU-8 was used in the final
design. SU-8 properties approximate PMMA very closely (Table 3.2) and the
PMMA properties were used in the analysis.
3.3.2.5. Meshing
Meshing was done using tetrahedral elements since the geometry was too
complicated for quadrilateral elements. In an ideal situation, the volumes would
be meshed with the same size elements, but because the smallest feature size is
3 µm, it would mean that all of the elements in the model would need to be
smaller than 3 µm, which was not feasible with the software available. The
University Advanced version of ANSYS allows only 128,000 elements. Different
sizes were used for the different volumes in the model, to allow the features to

Table 3.2. Thermal property comparison of SU-8 and PMMA. SU-8 data from
Cordero, et al. 2004; PMMA data from Goodfellow, Inc.

Material

Conductivity
(W/mK)

Density
(kg/m3)

Specific
heat
(J/jgK)

SU-8

0.2

1120

1400

PMMA

0.17

1190

1400
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mesh without having a prohibitive number of elements (Table 3.3). The sizes
listed in the table were input into ANSYS, but were not necessarily those used in
each element of a model component. Since the volumes were complex and a
free mesh was used, the sizes were adjusted within the software to fit the model
geometry.

To test the effect of mesh size on the modeling results, mesh

refinement was performed, and the details are explained in section 3.4.5.2 of this
chapter.
3.3.2.6. Cooling Rate
It was necessary to determine the flux through the lower boundary of the
system that would achieve the proper cooling rate at the cell. For modeling this
system, the two extremes of cooling that would be tested with the actual device
were chosen. The smallest cooling rate expected was 5 °C/min, and the largest
cooling rate was 500 °C/min. The model was run wit h both of these cooling rates
at the cell. Since the cooling rate was known, but the heat flux through the
bottom required to make this rate at the cell was unknown, some test cases were
used to determine the proper flux for both cooling rates. The test system used

Table 3.3. Mesh sizes used in the thermal
model.

Model
component
Junctions
Posts
Wires
Cell
Surrounding cell
medium
SU – 8
(near thermocouples)
SU-8
(device base)

Element edge
size (µm)
2.5
2.5
2.5
2.5
50
8
50
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was simply an SU-8 base with cell medium and a cell on the surface (Figure 3.6).
No thermocouples were included in this model and cell freezing was not
simulated. For 5 °C/min, the flux was -350 W/m 2, and for 500 °C/min, the flux
was -5680 W/m2.
3.3.2.7. Cell Freezing Time
Once the proper cooling rate was applied to a control case, the SU-8 base
without thermocouples, the next step was to determine the proper parameters for
modeling the freezing of the cell. Two situations were considered: a cooling rate
of 500 °C/min with ice nucleation within the cell a t -20 °C, and a cooling rate of 5
°C/min with ice nucleation within the cell at -5 °C . Cell freezing was modeled as
a volumetric heat generation rate applied when the cell reached the appropriate
threshold of temperature, either -5 °C or -20 °C.

Figure 3.6. The system used for the control case thermal model.
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In order to know the proper heat generation rate to apply, some
preliminary calculations were performed. The amount of energy released when
water freezes was known, since this is equal to the latent heat of fusion of water,
308,500 kJ/kg at -5 °C and 242,400 kJ/kg at -20 °C (Hobbs, 1975). The length of
time of the release of this energy, however, and the corresponding heat
generation rate, was unknown. Kandra and Devireddy (2004) determined what
the temperature rise at a cell should be when it freezes with different applied
cooling rates. They found a 1.89 °C rise for a cel l freezing at -5 °C with 5 °C/min
cooling, and a 0.49 °C rise for a cell freezing at -20 °C with 500 °C/min cooling.
Using these values as goals, it was possible to estimate the heat generation rate
required for the finite element model through iteration. The heat generation rate
was related to the time of freezing by Equation (3.1).
q&cell = ρ water

lwater
t

(3.1)

Here, q&cell is the volumetric heat generation rate supplied by the cell, ρ water is the
density of water, lwater is the latent heat of fusion for water at the temperature of
freezing and t is the time length of freezing.

It was assumed that the heat

generation rate was constant during the time of heat release of the cell. An
arbitrary heat generation rate was chosen for the first iteration, and a
corresponding duration of freezing was calculated from Eq. (3.1.

A control

simulation was then run, using the same system (a system without
thermocouples) as the one used for cooling rate testing. The temperature rise at
the cell center was recorded, and the heat generation rate and freezing time
were altered; and the simulation repeated until the temperature rise matched the
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results from Kandra and Devireddy (2004). The results from this study for 5
°C/min were a rate of 10,255 pW/ µm3 for 0.015 seconds, and for 500 °C/min
were a rate of 5,350 pW/µm3 for 0.023 seconds.
3.3.2.8. Thermocouples
With the heat generated at the time of cell freezing known, the
thermocouples were added to the system to observe the effect. Several different
thermocouple sizes, presented in Figure 3.7, were tested with the model. Four
different vertical post cases were tested, along with a fifth case, without vertical
posts.

The sizes used in the model were based on what was feasible for

Figure 3.7. Thermocouple dimensions used in the thermal model. Four variations of
designs with posts were used, as well as one design without posts.
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manufacture, although some differences do exist between the sizes used in the
model and the actual sizes used in the device. In the actual device, the junction
and base sizes had to be altered to solve tolerance issues, but in the model, only
the post size was varied in order to isolate the effect on the system.
3.4. Results
3.4.1. Thermocouple Effects on the System
Simulations were run with the five different geometries outlined in section
3.3.2.8. The results are presented in Figure 3.8 for 5 °C/min and 500 °C/min
cooling rates, respectively. Temperature rise is shown as a function of time. The
control case refers to the temperature at the center of the cell when
thermocouples were not present in the system. The remaining variables (cases
1 through 5) show the temperature at the junction of the thermocouple directly
below the freezing cell when three thermocouples were included in the model.
The freezing (heat generation) was introduced into the model at 8 seconds for
the 5 °C/min case and at 5.4 seconds for the 500 °C /min case. The data were
offset so that the temperature rise for each case begins at -5 °C or -20 °C, to
facilitate visual comparison. In the actual data, there were some small variations
in the nucleation temperature for each case.
The thermocouple geometry that registered a temperature rise as close as
possible to the control case was deemed best. The results showed that there
was a significant change in temperature when the thermocouples were in the
system, as opposed to the control case, but there was still a measurable
temperature increase.

The temperature difference between the various
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Figure 3.8. (a)Temperature rise as a result of cell freezing for a 5 °C per minute
cooling rate with a -20 °C nucleation temperature. (b)Temperature
rise as a result of cell freezing for a 500 °C per minute cooling rate
with a -5 °C nucleation temperature.
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geometries was not large, but the case without vertical posts did not register the
lowest temperature jump. The posts that were 5 µm in diameter showed a larger
temperature drop, with more heat drawn away from the cell, than either the case
without posts or the case with 3 µm diameter posts. This indicates that the
greater diameter of the 5 µm posts offset the insulation of the SU-8 between the
cell and the wiring layer, and the overall conductivity through the posts was
greater than the conductivity through the wiring layer. The posts are meant to
isolate the cell from the wiring, but at 5 µm, they are much larger than the
individual wires. This is significant because a large portion of the heat leaves the
cell from the wires in contact with the it.
The thinner, 3 µm posts did provide some benefit as compared to a
system without an intermediate post layer. The best case was achieved with the
tallest, thinnest posts, which is limited by fabrication capabilities. The cross over
in performance between posts and no posts indicates that there is a point where
the diameter of the post is too large to increase the overall thermal insulation of
the cell. More modeling could help determine get a better idea of this value, and
also how much of the relative thermal resistance is from the posts and the wiring
layer.

3.4.2. Thermocouple Isolation
The amount of interference between adjacent thermocouples was also
examined using the thermal model. Figure 3.9 displays the results of the
modeling for thermocouple center to center spacing of 50 µm. When a cell froze
above a thermocouple, there was no significant temperature jump registered at

45

269.4
Case 1 (20x3)
Case 3 (20x5)
Case 5 (No Posts)
Case 1 - Adjacent TC
Case 3 - Adjacent TC
Case 5 - Adjacent TC

269.2

Temperature, Kelvin

269

268.8

268.6

268.4

268.2

268
8

a

8.01

8.02
8.03
Time, Seconds

8.05

Case 1 (20x3)
Case 3 (20x5)
Case 5 (No Posts)
Case 1 - Adjacent TC
Case 3 - Adjacent TC
Case 5 - Adjacent TC

253.6
253.5
253.4
temperature, Kelvin

8.04

253.3
253.2
253.1
253
252.9
252.8

b

252.7
5.395

5.4
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Figure 3.9. (a) Comparison of temperature readings at the thermocouple
directly below the freezing cell and the adjacent thermocouple,
for a 500 °C per minute cooling rate with a -20 °C ice nucleation
temperature. (b) Comparison of temperature readings at the
thermocouple directly below the freezing cell and the adjacent
thermocouple, for a 5 °C per minute cooling rate wi th a -5 °C ice
nucleation temperature.

46

the adjacent thermocouples, regardless of the thermocouple height and
diameter. This implied that a large amount of the heat release from the cell
traveled through the thermocouple directly below it, drawing the heat away and
reducing the amount of heat conducted to adjacent thermocouple locations.
There was not a clear difference between any of the geometries, and therefore
there was not one size that was a clearly superior to the others, in terms of
isolation. The effect of the amount of spacing between thermocouples was also
tested, for different thermocouple geometries, with a 5 °C per minute cooling rate
and a -5 °C nucleation temperature.

Figure 3.10 di splays results for

0.35
Case 1 (20x3)
Case 3 (20x5)
Case 5 (No Leads)
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Temperature Rise, K
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53
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Figure 3.10. Plot of maximum adjacent thermocouple temperature rise as a function of
thermocdouple center to center spacing. Results shown for a 5 °C per minute
cooling rate with a -5 °C ice nucleation temperatur e.
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thermocouple center to center spacings of 45 µm, 50 µm, and 55 µm. The
temperature rise plotted refers to the maximum temperature rise registered at an
adjacent thermocouple when the cell froze above the center thermocouple. The
geometry of the thermocouples chosen did not have a strong effect on the
adjacent temperature registered, but there was some effect due to the center to
center distance, with a larger separation leading to a smaller response at the
adjacent thermocouple. For case 1 (20x3), the adjacent temperature reading
decreased by 7 % between 45 µm and 50 µm spacing, and by 12 % between 50

µm and 55 µm spacing, with similar results for the other geometries. Although
one of the goals was to create a thermocouple array where interference between
thermocouples was minimized, implying larger spacing, it was also important to
consider the size of the cells, so that individual cells were addressed. As the
spacing is increased, there is an increasing chance for more cells to be in
between thermocouples, and not near a particular junction.

3.4.3. Cell Placement and Thermocouple Spacing Effects
The results presented thus far have assumed that a cell freezes directly
above a thermocouple junction. In an actual device, the cells will be arbitrarily
distributed over the surface of the thermocouple array, and not every cell would
be immediately adjacent to a thermocouple. Simulations were run with varying
cell positions and three different lengths of thermocouple center to center
spacing.

The results are presented in Figure 3.11 and Figure 3.12.

The

temperature rise at the center thermocouple and at the adjacent thermocouple as
functions of the cell placement between the two thermocouples are presented.
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Figure 3.11. Thermocouple temperature increase based on cell position.
Temperature increase at the center and adjacent
thermocouple is plotted versus nondimensionalized cell
position between the two thermocouples. (a) Plot for Case
1 (20x3) geometry. (b) Plot for Case 3 (20x5) geometry.
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Figure 3.12. (continued from Figure 3.11) Plot for Case 5 (No Leads)
geometry.

As the cell moved closer to the adjacent thermocouple, naturally, the center
thermocouple temperature rise decreased and the adjacent thermocouple
temperature rise increased. Each plot compares three different spacings (45 µm,
50 µm and 55 µm) for a single thermocouple geometry, to emphasize the effect
of the spacing on the temperature rise. Generally, curves with gradual slopes
near the junctions and steeper slopes near the center would be optimal, there is
a smaller area where the center and adjacent thermocouples show similar
temperatures. In this case, 45 µm spacing provided the best results. As for
thermocouple geometry, the geometry without leads provided the lowest (least
favorable) slope near the center, and therefore poorest results. The results from
Case 1 and Case 3 were comparable.
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3.4.5. Result Verification
In order to have confidence in the methods and parameters used, as well
as in the assumptions taken, several methods of numerical testing were
performed. Actual experimental testing is the only thing that can give complete
confidence in results, but it is helpful to have a preliminary check of the data
when no experimental data is yet available.

3.4.5.2. Mesh and Time Step Refinement
Mesh sizes were determined based on trial and error using a free mesh,
with the main limitation being the element number limit (128,000) for the
University Advanced license of ANSYS (Version 9.0, ANSYS, Inc., Canonsburg,
PA). Ideally, the entire volume within the boundaries of the model could be
meshed with a uniform mesh size, and the results could be tested with
successively smaller mesh sizes, with each size being half the size of the larger
one. The results would be compared in order to ensure that the size of the mesh
was not greatly affecting the results. However, because of the limitation on the
number of elements, different volumes in the model were meshed with different
element sizes. In addition, mesh refinement could not be performed over the
entire model, but was limited to the volume of the freezing cell.
In order to test the influence of mesh size on the system, three different
mesh sizes were considered: coarse, medium and fine. The side length of the
medium element was chosen to be half of the coarse element size, and the side
length of the fine element was chosen to be half of the medium size. For this
model, the coarse size was 10 µm, medium was 5 µm and fine was 2.5 µm.
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Two checks were performed on the results, a check for convergence, and
a check for a converged result.

Convergence means that the difference in

results between successive mesh sizes is decreasing.

Equation (3.2) for

checking convergence is shown below.

Tcmax − Tmmax > Tmmax − T fmax

(3.2)

Here, Tcmax , Tmmax and T fmax are the temperatures obtained using the coarse,
medium and fine meshes, respectively. If the inequality in Eq. (3.2) is satisfied, it
indicates that the solution is converging.
A converged result means that the error obtained between the medium
and fine mesh was below a desired threshold error level. Equation (3.3) for
testing a converged result is shown below.

Tmmax − T fmax < es T fmax

(3.3)

Here, es indicates the error level sought, which is subjective, but a general rule of
thumb is that below 0.01 is excellent, below 0.02 is good and below 0.05 is
satisfactory (Sinclair, 2005).

This analysis was performed on case 2 (50x3)

geometry with three thermocouples present and a cooling rate of 5°C/min and
500°C/min, with the temperature taken as the maximu m measured temperature
increase at the center thermocouple junction. The results are summarized in
Table 3.4. The testing indicates that for all cases, the results were converging,
and the error level achieved was satisfactory (below 0.05).
In addition to mesh refinement, the length of time for each time step was
also tested.

A single time step is an instance in the transient model where
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calculations are done based on the current boundary and system conditions and
the previous state temperature distribution. It was important to determine if the
number of time steps chosen influenced the results achieved. The analysis for
the time steps was performed in the same manner as the mesh testing analysis.
The segment of the thermal analysis chosen for testing was the heat generation
phase of the cell, with a time of 0.015 seconds for a 5 °C/min cooling rate and
0.02257 seconds for a 500 °C/min cooling rate. Th e conditions were 2 steps for
coarse, 4 for medium and 8 for fine within the heat generation time span. The
temperature used in the analysis was the maximum measured temperature rise
at the center thermocouple junction.

The results (Table 3.4) gave better

converged values than the mesh size refinement, and showed converged values
of below 0.02.

3.4.5.3. Geometry and Material Variation
Additional tests were performed with the model to gain confidence in the
results.

One of the issues in modeling the system was that the number of

available elements would not allow a full model of nine thermocouples. Model

Table 3.4. Thermal model convergence testing data

Variable

Mesh Refinement

Time Step Refinement

5°C/min

500°C/min

5°C/min

500°C/min

max
c

T

1.2013 °K

0.5465 °K

1.2264 °K

0.5786 °K

Tmmax

1.2464 °K

0.5864 °K

1.2636 °K

0.6003 °K

T fmax

1.2814 °K

0.6110 °K

1.2814 °K

0.6110 °K

Tcmax − Tmmax

0.0451 °K

0.0399 °K

0.0372 °K

0.0217 °K

Tmmax − T fmax

0.0350 °K

0.0246 °K

0.0178 °K

0.0107 °K

es

0.0273

0.0403

0.0139

0.0175

53

results are presented with three thermocouples, but results were also obtained
for geometries of one and two thermocouples. These results are presented in
Figure 3.13. The data are given for all five of the cases and for 5 °C/min and 500
°C/min cooling rates. There is little variation be tween 1, 2 and 3 thermocouples.
The results indicate that most of the heat transfer from the cell is from the center
thermocouple beneath the cell, and adjacent thermocouples do not significantly
influence the center thermocouple temperature. The results obtained from the
three thermocouple system should give comparable results to that of a nine
thermocouple system.
A final test was performed on the model assuming that the entire top layer
of cells and solution to be ice. Everything else in the model was unchanged, but
the material used for the cells and cell medium were switched to ice. The test
was run for Case 1 (20x3) at a 5 °C/min cooling rat e. The temperature increased
by 0.73 °C, as opposed to an increase of 1.29 °C wh en the model was run with
water. This indicates that there was a significant difference with the cell culture
as ice and the cell culture as water. This is likely due to the difference in thermal
conductivity of the two materials.

However the actual temperature increase

would be somewhere in between the two temperatures, because the whole cell
culture is generally a mixture of both ice and water. Additional modeling with ice
may be necessary in the future.

3.5. Discussion
Thermal modeling of the instrument helped to give more information on
three main points:

how much the thermocouple geometries affected the
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Figure 3.13. Comparison of thermocouple temperature increase with one, two
and three thermocouple junctions used in the model system. (a)
5 °C per minute cooling rate with a -5 °C ice nucle ation
temperature (b) 500 °C per minute cooling rate with a -20 °C ice
nucleation temperature
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temperature reading of the control case, how much the thermocouple geometries
affected adjacent thermocouple response, and how much the spacing of the
thermocouples affected the temperature measured at junctions. This section will
attempt to analyze the information that was gathered.
With smaller thermocouples, a quicker response time is expected, and
less heat drawn away from the cell, leading to a measurement system which is
closer to an undisturbed system. In measuring how much the thermocouples
affected the control case, it was shown that there was not a significant difference
between the geometries tested. The most favorable geometry, case 2, 50x3, had
a 31 % drop in temperature from the control case, and the least favorable
geometry, case 4, 50x5, decreased 41 %. However, thinner and taller posts
between the junction and wiring layers improved the simulated response
temperature. If fabrication limitations were not an issue, increasingly thin and tall
thermocouple posts would lead to better performance. The actual fabrication
limit is unknown, as 20 µm tall by 3 µm diameter posts were the smallest sizes
attempted, though perhaps nanowires may be an option.
In terms of thermocouple geometry affecting adjacent thermocouple
response, there was negligible difference. Each of the geometries had an almost
identical adjacent thermocouple response, which was very small, compared to
the center thermocouple measurement (around 16% of the control case
temperature rise). Since the data are similar for all cases, the thermocouple
arrangement that was the most reliable to fabricate would be best. This is Case
5, without leads, because fewer fabrication steps are required.
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In terms of determining the effect of thermocouple spacing, two tests were
performed. One test was to observe adjacent thermocouple response with a cell
freezing directly above the center thermocouple for 45 µm, 50 µm and 55 µm
spacing. The best results, with the smallest adjacent temperature rise, were
shown at 55 µm spacing, with around a 23 % decrease in adjacent temperature
rise compared to the 45 µm case.

However, this was not the only factor

influencing the decision on thermocouple spacing. A second test was performed,
comparing the spacing of the thermocouples when a cell froze at different points
between the center and adjacent thermocouple. It was beneficial for cells to be
in close contact with the thermocouple junctions, to minimize temperature rise at
adjacent junctions. In this case, a smaller thermocouple spacing arrangement of
45 µm was best, which gave a better chance for cells to be near a thermocouple
junction.
The modeling results can only give suggestions as to what geometry was
best, but it was important to also determine what is most feasible to fabricate,
before making a final decision. Chapter 4 explains in detail the fabrication of the
device.
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4. Fabrication
Before proceeding to make the device, it was important to determine some
of the limitations of the fabrication process and optimize the procedures. The
following chapter gives an overview of the fabrication process, details the
analysis and experiments performed to aid in fabrication, and then explains the
final device fabrication process in detail.
4.1. Background
Several groups have fabricated microthermocouples, though previous
work has been using thin films. The fabrication methods were through patterning
either sputtered or electron beam deposited metals on silicon substrates.
micro

thermocouple

array

with

an

intermediate

post

layer

A

through

electrodeposition has not been fabricated previously.
For fabricating thin film thermocouples, the methods are generally similar.
Shi and Majumdar (2001) used a multi-step sputtering process on a silicon wafer
that used buffered hydroflouric acid etching of the silicon wafer to create
cantilever tips. The two metals for the thermocouple were sputtered, with an
electrically insulating layer in between, to create the thermocouple. Park and
Taya (2004) fabricated a type-T thermocouple array by alternately depositing
copper and constantan layers on an AlN coated silicon wafer. The AlN acted as
an electrical insulator and thermal conductor between the thermocouples and
silicon wafer substrate. Gualous, et al. (2001) also thin films to create an array of
Au-Pd microthermocouples.
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4.2. Fabrication Outline
The fabrication of this device was done through a multi-step UV
lithography-based microfabrication technique. Figure 4.1 gives an overview of
the steps in the microfabrication process.
Fabrication was done on two types of silicon wafer substrates, to
determine if both would have suitable electrical resistivity to isolate individual
wires on the wiring layer. One wafer was of high resistivity (63-77 Ω-cm), and the
other was a low resistivity wafer (1-5 Ω-cm) with a 4.5 µm SiO2 layer on the
surface. The first step was to electron beam (e-beam) evaporate a 0.01 µm
titanium adhesion layer and a 0.05 µm copper plating base to facilitate
electrodeposition in future steps. Then a 2 µm layer of S1813 resist (Rohm and

Figure 4.1. Fabrication outline. (1) Silicon wafer base. (2) E-beam deposit titanium and
copper. (3) Spin S1813 resist, expose and deposit copper wiring layer. (4) Spin
S1813 resist. (5) Expose and deposit constantan wiring layer. (6) Remove
resist. (7) Spin AZ 4620 resist. (8) Expose and deposit copper post layer. (9)
Spin S1813 resist. (10) Expose and deposit constantan post layer. (11) Expose
and deposit copper junction layer. (12) Remove resist. (13) Etch copper and
titanium base. (14) Cast SU-8. (15) Develop down to junction layer.
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Haas, Philadelphia, PA) was spin-coated and baked on the wafer for the first
wiring layer.

A UV exposure was performed, the resist was developed, and

copper was deposited into the micropatterned wiring layer recess. A second
layer of S1813 resist was spun and baked on the wafer to prevent future
electrodeposition on the already deposited copper layer. An aligned exposure
was performed for the second wiring layer, and constantan was electrodeposited
into this set of recesses. The resist was removed completely, and an 18 µm
layer of AZ 4620 (AZ Electronic Materials, Somerville, NJ) resist was spin-coated
and baked over the wiring layer. An aligned exposure was made and the copper
posts were electrodeposited. A thin layer of S1813 resist was spin-coated on top
to prevent future electrodeposition on the already deposited copper posts. The
constantan post layer was then aligned, exposed, and electroplated.

A final

aligned exposure was made for the junction layer, and copper was plated in the
exposed pattern. The remaining resist was completely removed, and the copper
plating base and titanium adhesion layer were etched away. Although this step
was skipped because of time constraints, SU-8 10 (Microchem, Newton, MA)
would be cast and developed to provide a surface within which the
thermocouples would lie.
4.3. Resist Parameter Optimization
The UV lithography process involves the use of UV sensitive resist and a
photomask. The mask is made of clear soda lime glass or quartz with a chrome
pattern in the shape of the structures. A resist is applied to a substrate, generally
through spinning or casting, and is exposed to UV light that passes only through
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transparent regions on the mask. If the resist is a positive resist, the parts that
are exposed to UV light will become more soluble in a developer. When the
substrate and resist are placed in the developer, these exposed areas will be
dissolved, revealing the base below and leaving the unexposed portions intact. If
the resist is a negative resist, the UV exposed areas will crosslink, and become
less soluble in the developing solution. When the substrate and resist are placed
in the developing solution, the unexposed areas will dissolve.
One decision made for the fabrication process was to use positive resists.
Although, generally, negative resists are more durable, less sensitive to
overdeveloping, and some are designed for greater thicknesses, a positive resist
was required for this application because of the sequence of the fabrication
process (Madou, 2002). Two successive exposures were required in the same
resist layer to allow electroplating of two different metals on the same layer.
Once a negative resist is exposed, the cross linked area is no longer sensitive to
UV light, rendering a second exposure on already exposed areas ineffective.
The fabrication of the device was very close to the capability limits of the
facilities available. Proper alignment was critical, and over-exposure or overdeveloping of the resist was potentially a problem.

Since the two metal

structures were very close together (< 3 µm), it was important to optimize the
different steps in the microfabrication process (Figure 4.2) to ensure there was
no unwanted electrical contact between wires.

The factors with the most

influence on the structures were exposure dose, development time, and strength
of the vacuum contact during exposure. If the exposure is too short, insufficient
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a

c

b

Figure 4.2. Optimization of fabrication parameters for the wiring layer. (a) The original
mask. (b) Exposure and development have not been optimized (structures
are much wider than the mask). (c) Optimized exposure and development.

photon energy reaches the bottom part of the resist, so solubility is not
sufficiently increased. Even with a long developing time, the plating base may
not be exposed, and the subsequent metal electrodeposition step would not be
possible. If the exposure is too long, the areas around features will experience
sufficient photon energy that more resist will be dissolved during the developing
step, leaving a pattern larger than expected.

Ideally it is best to modify the

exposure dose so that it is as low as possible, and use a weak developer so that
small changes in developing time do not greatly affect the size of the structure. If
the vacuum contact was not sufficient, structures would be larger than expected.
Diffraction would occur if there was not good contact between the sample and
the mask.
4.4. Tolerance Analysis
A tolerance analysis is important for the design of almost any device, but it
is especially critical for this work because the dimensions in the microfabrication
design are near the level of uncertainty in alignment. The sizes of the features
on each layer had to be kept small in order to maintain the spacing required for
addressing individual cells. However, if the dimensions of features in a layer
were designed too small, and the alignment error was large, there could be
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places where the electrical connection is lost, or places where two different metal
leads touch and short out. A tolerance analysis was performed to help determine
the smallest size components that could be used in each successive layer.
4.4.1. Background

A one dimensional tolerance analysis based on Drake (1999) was
performed.

Using this method, the first step was to identify performance

requirements for the device in terms of dimensions.

Based on these

requirements, a dimension (known as a gap) in the device or assembly is
selected that needs to be kept above or below a certain value. A tolerance loop
is created, which starts from one point on the assembly and linearly follows all
relevant dimensions through the system, including the gap, returning to the
original point. Using a worst case tolerance analysis, going through the entire
loop, all of the tolerances for each individual dimension are summed together, to
give the total tolerance for the gap. The gap distance minus the total tolerance of
the system should be larger than the minimum acceptable value for the gap, and
the gap distance plus the total tolerance should be smaller than the maximum
accepted value for the gap. If it is outside of the requirements, then lengths or
tolerances of features must be changed somewhere in the loop until the
appropriate sized gap, with appropriate tolerances is achieved.
4.4.2. Description of Analysis

A separate one-dimensional analysis was performed for each layer to
isolate the tolerances for that layer. Certain additional critical distances were
identified and analyzed to ensure that the fabrication would fit within the required
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limits. Two separate sets of dimensions and tolerances were analyzed; one set
had larger post sizes and alignment tolerances to ensure the highest chance of
success in fabrication.
Figure 4.3 shows the tolerance loop for the first layer of the device. In the
figure, A1 is the center to center distance of the alignment mark to the pad of the
copper wiring layer. For the analysis, the length is arbitrary, and was assumed to
have a tolerance of zero. The reasoning for this was that there are tolerances
included later for the dimensions of both the alignment mark and the pad, so,
including center to center error would be redundant and lead to an
overestimation of the total tolerance necessary. The distance from the center of
the pad to the pad edge is B1. The tolerance here was ±0.4 µm, which was the
tolerance given by the mask manufacturer (Advance Reproductions, North
Andover, MA).

One assumption made in this loop was that the fabricated

Figure 4.3. First layer (Copper wiring) tolerance loop.
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structures would be the same size as the UV mask pattern. It was believed that
through optimization of exposure time and developing, feature sizes could be
kept very close to the mask sizes. For example, testing showed that the post
sizes could be made as much as 0.5 µm smaller at the base than the design size
(Figure 4.8) Therefore, tolerances given on structures in the design are based
solely on mask feature tolerances. The distance between the edge of the copper
pad, and the absolute centerline between the constantan and copper pads is C1.
This gap was analyzed to determine if it was the correct size, based on the
accumulated tolerance of the system. The distance from the center point to the
center of the alignment mark is D1. There was no error included on this line.
The total tolerance from this first level loop was ±0.4 µm (from B1 only), and
therefore the gap tolerance was ±0.4 µm as well. The table with the figure shows
dimensions and tolerances for both a thermocouple junction arrangement with 3
µm and 5 µm diameter posts.
Figure 4.4 shows the second layer of the device. Here, the situation was
more complicated, with alignment now required between the first and second
layers. The distance from the center of the second layer alignment mark on the
mask to the center of the pad on the mask is A2. The distance from the center of
the pad to the edge of the pad, both on the mask is B2 (±0.4 µm). The distance
from the edge of the pad on the mask, to the centerline is C2. This is the gap
dimension, for which the tolerance needed to be determined. The distance from
the centerline to the center of the alignment mark is D2. The distance from the
center of the alignment mark on the mask, to the alignment mark edge is E2
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Figure 4.4. Second layer (constantan wiring) tolerance loop.

(±0.4 µm). The distance from the edge of the alignment mark on the substrate to
the edge of the alignment mark on the mask is F2. This should be a fixed
distance, normally the mark on the mask or on the substrate is designed to be
bigger or smaller so that it can be seen through the mask, and the tolerance is
the error due to alignment of the mask to the substrate. Sample post deposition
with alignment was done to test what alignment error could be expected with the
equipment available and is covered in the next section.

The distance from the

edge of the mask alignment mark to the center of the mask alignment mark (±0.4
µm) is G2.
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The remaining layers were analyzed in the same way (Figure 4.5 and
Figure 4.6). All of the subsequent layers were aligned to alignment marks on the
first layer.
In addition to the gaps between layers, there were also several other
critical dimensions that had to be accounted for to insure that the device
functioned properly. These dimensions are shown in Table 4.1. The minimum
values for the dimensions were determined by calculating the left or rightmost
possible points of the two features the gap was in between, using worst case
tolerance values. The spacing and size of different features were changed until
the critical dimensions were all greater than zero. For example, in the sixth
critical dimension, it was important to ensure that the two posts did not touch until

Figure 4.5. Tolerance analysis loop for layer 3.
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Figure 4.6. Tolerance analysis loops for layers 4 and 5.
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Table 4.1. Final minimum dimensions for additional critical distances.

the junction at the top connected them. From the tolerance loop for each level,
the expected maximum and minimum position of the right side of the copper post
and the left side of the constantan post were already known. This gave a value
for the closest distance between the two posts in a worst case tolerance
scenario. By adjusting design dimensions this value was made greater than
zero, to ensure that the posts will not touch even under a worst case tolerance.
4.4.3. Post Alignment Testing

Tests were performed to determine, with some degree of accuracy, the
actual alignment capabilities of the UV exposure equipment available. A mask
was developed to measure the alignment of one post layer relative to another
with a range of post and gap sizes (Figure 4.7). The procedure used to test
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a
Dummy
Structures

Test Post
Structures

Alignment
marks

1 cm

b

c

100 µm

1 mm

Figure 4.7.

Post alignment test mask. (a) Full mask. (b) Test post structures with
surrounding dummy structues. (c) Test post structures. Sizes ranged from
5 µm to 20 µm in 2.5 µm intervals, with nominal spacing after alignment of 5
µm to 25 µm also in 2.5 µm intervals.

alignment was to spin a 19 µm layer of AZ 4620 resist, expose a pattern of posts,
develop, and electroplate copper into the holes.

An aligned exposure was

performed, and a second set of posts were electroplated. The patterns were
analyzed with an SEM (Figure 4.8) to determine the alignment error.

The

alignment, after accounting for differences in actual post sizes, was within ±0.5
microns at the 5 µm posts with 5 µm gap, once the procedure was optimized.
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With the small number of leads on the prototype device, it was possible to
fit two separate 3x3 arrays on a single silicon wafer. Conservative and less
conservative designs were used for the two arrays for the final device fabrication.
Although alignment was shown to be within ±0.5 µm in the post tests, a value of
±2 µm was used in the final tolerance analysis as a conservative case, and a
value of ±1 µm was used in a less conservative case, because of the human

a

b

c

d

Post
group
a
b
c
d

1st Post
diameter at
base (µm)
4.6
4.6
4.5
4.5

2nd Post
diameter at
base (µm).
6
6
5.4
5.2

Actual
gap (µm)
4.9
5.2
5.3
5.3

Adjusted
expected
gap (µm)
4.7
4.7
5.1
5.2

Alignment
error (µm)
+0.2
-0.4
+0.2
+0.1

Figure 4.8. Post samples for alignment testing. The first exposure is on the left.

71

factor in alignment and the likelihood of structures being larger than the mask
patterns. The final dimensions for both cases included in the tolerance analysis
and used in the photomasks are shown in Figure 4.9.
4.5. Electrodeposition

Constantan (copper-nickel) and copper thermocouples (type-T) were
chosen as the thermocouple type for the device because the copper-nickel alloy
is easier to electrodeposit than any of the other standard alloys used in
thermocouples, the Seebeck coefficient is stable at low temperatures, and it
offers excellent sensitivity below 0° C (ASTM, 1970 ). The next few sections give
a brief background on electrodeposition, outlines electrochemical factors
considered in fabrication and describe experiments done to obtain the proper
plating solution and parameters.
4.5.1. Background

For a particular electrodeposition cell setup (bath composition, cell and
electrode geometry, and other factors) the relationship between the voltage and

Figure 4.9. Top view of final dimensions used in tolerance
analysis and final design.
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the current of the system is represented by a polarization curve. This curve
contains useful data about an electrochemical system, especially for alloy
deposition.

Figure 4.10 is an example of a copper-nickel polarization curve.

When a voltage is applied between the anode and cathode, the measured
current density is given by the combined curve in the figure. The real benefit of
studying the polarization curve in alloy deposition is being able to separate the
individual curves of the elements in the alloy to determine their plating
characteristics. In the example curve there is a copper and nickel curve as well
as a curve for hydrogen evolution, a side reaction occurring at higher
overpotentials that decreases efficiency.

The relative amount of a single

component element deposited in an alloy is based on the relative proportion of

Figure 4.10. Sample polarization curve for copper and nickel alloy deposition. Shows
overall combined curve, as well as partial current curves of copper, nickel,
and hydrogen evolution.

73

the total current density curve coming from the curve for that element. Knowing
the trend of individual component curves can aid in predicting deposition
composition for alloys.
The rate of material deposited is based on the current efficiency and
Faraday’s law (Eq. (4.1)
 m 
It = nF 

 sM 

(4.1)

Here, I is the applied current, t is the time length of deposition, n is the number of
electrons in the reaction, s is the stoichiometric coefficient in the balanced
reduction equation, M is the molecular weight, F is Faraday’s constant (96,485
Coulombs/mole) and m is the mass reacted. The actual rate is generally smaller
because not all of the applied current goes toward depositing the metal; the
efficiency is less than 100 %.
In this project, a specific composition of two metal species was required,
and it was important to pay attention to what current was being used to
electrodeposit, and also which section of the curve was in use. From Figure
4.10, there is a thermodynamically-controlled reversible potential at the start of
the curve, a kinetically controlled upward sloping region, and a flat mass
transport controlled region. Generally, regions are mixed, such that the curve is
not governed just by mass transport or just by kinetics.
At equilibrium, no current is applied, and the reaction is at its reversible
potential along the x-axis of the graph. This reversible potential is based on the
standard potential, which is a constant for a particular oxidation or reduction of an
ion, modified by thermodynamic solution factors. Electrons will normally try to go
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to the most favorable, lowest energy, state, and remain there. For example, if
iron is placed into a solution of CuSO4, the copper will replace the iron on the
surface, because it is a more favorable energy state for the electrons. Applying a
current will help to move a reaction out of the unfavorable range and allow
reactions that normally would not happen to take place.
Once a current or voltage is applied, the relationship between current and
voltage is governed by the rate of electrochemical charge transfer.

For

electrodeposition onto a substrate, this reaction is governed by the Butler-Volmer
equation for a cathodic process (4.2).
ic = −i0 e

− β nFη
RT

(4.2)

Here, i0 is the exchange current density, β is the reaction rate, R is the gas
constant, T is the temperature, η is the overpotential.

Overpotential is the

voltage deviation from equilibrium or the reversible potential.

The exchange

current is the back and forth exchange of charge carriers going on in the system
even during equilibrium.

Deposition in this zone is kinetic and current rises

exponentially with an increase in overpotential.
When the current is large enough, depending on the solution
concentration, mixing, and geometry, mass transport dominates (Figure 4.10).
The zero slope in the partial current curve during mass transport indicates that
although the potential in the reaction may be increased, the current at which the
species are reacted and the rate of deposition remains the same. This is called
the limiting current, and it occurs because mass transport is limiting the reaction.
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At lower currents, in the kinetic region, the surface concentration of ions is
approximately equal to the bulk concentration. At higher currents, the deposition
rate is more rapid, and the ions are not replaced quickly enough on the surface.
This creates the mass transport limitation, where the surface concentration is not
equal to the bulk ion concentration.
In the plating cell, more current simply increases the amount of hydrogen
evolution, and not species deposited (efficiency goes down). The limiting current
is affected by mixing in solution, rotating the working electrode, as well as
species concentration in the solution.
The diffusion layer is the distance from the electrode, generally several
micrometers size, where the local ion concentration is smaller than the bulk
concentration. Within this layer, there are three main modes of mass transport:
diffusion-based transport governed by species concentration, convection-based
transport governed by solution velocity, and migration-based transport governed
by the electric field. In electrochemical cells, migration can often be neglected,
and the diffusion layer can be simplified into a linear Nernst diffusion layer near
the electrode, where diffusion is assumed to play the main role, and the
remaining space where convection is dominant. The limiting current can then be
approximated by Equation (4.3.

 Cb 
ilim

= D
nF
δN 

(4.3)

Here, ilim is the limiting current, D is the diffusion coefficient for the solution, Cb is
the bulk ion concentration and δN is the Nernst diffusion layer distance. This
equation assumes that the surface concentration, Cs is 0.
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Equation (4.3 shows that a smaller diffusion layer gives an increased
limiting current, which also means there is an increased concentration slope near
the surface. In electrodeposition of microstructures, this is important because the
Nernst diffusion layer is approximately equal to the depth of the recess during
deposition. The implication of this is that if one is electroplating at or near the
limiting current of a species, as the plating progresses, and the depth decreases,
the limiting, and plating, current should change.

If one is performing alloy

deposition, then this leads to the very real possibility of nonuniformity of plating
along the height of the microstructure. For this reason, it is ideal to have both
species of the system under kinetic control. For copper and nickel this task is not
so easy because of the disparity in standard potentials, 0.34V for Cu and -0.25V
for Ni vs the normal hydrogen electrode (NHE). The copper-nickel solution was
adjusted to achieve kinetic electrodeposition.
4.5.2. Copper-Nickel Deposition Background

Nickel and copper can be a somewhat difficult alloy to deposit uniformly
because the standard potentials are quite different. For this reason, it is useful to
have a bath additive to complex with the species and bring the potentials closer
together (Panda, 2004). For the fabrication of the thermocouples for this device,
a citrate and ammonia complexing solution was chosen.
Many studies have been done on citrate copper nickel solutions.
Modeling and experimentation by Podlaha, et al. (1994) found that partial current
densities are reduced by the citrate complexing for both nickel and copper, but by
different amounts. In addition, when citrate is used as a complexing agent, it has

77

been shown to give smoother microstructures, act as a leveling agent, a
brightening agent, and a buffering agent (Panda, 2004). Green, et al. (1998)
determined that the pH is important in terms of the solution stability, with greater
stability at higher pH, having tested pH’s of 4 and 6 adjusted with NaOH.
Ammonia was chosen for the solution because it also complexes with
copper and nickel and can help to shift copper to less noble potentials and to
improve the deposition of the desired alloy. Chassaing, et al. (1986) performed
experimental studies that determined that the copper deposition is inhibited by
the complexing of ammonia, leading to a more nickel rich deposit.
Electrodeposited type-T thermocouples have not been extensively studied
in the past, but some work has been done.

Copper and constantan

thermocouples were fabricated through electrodeposition by Taherian and
Hosseini (2004), though not at the microscale.

Tests on thermopower of

electrodeposited copper-nickel alloys were reported by Bakoni, et al. (1998).
4.5.3. Plating in Recesses

In recessed deposition plating, there are concerns about mass transport
limitations and pH increase at the surface. When a potential is applied to a
micropatterned substrate, the pH will increase at the surface with time and can
negatively affect the growth of microstructures (Panda, 2004). Pulse plating can
be used to give a relaxation time to bring the pH back down and allow any
hydrogen gas formed during electrodeposition to escape from the surface of the
electrode (Panda, 2004).
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Panda did research into electrodeposition of copper-nickel alloys into deep
recesses from citrate electrolytes and ammonia at high pH. For his structures,
nickel was kept in great excess of the copper, leaving copper as mass transport
controlled, and having a variation of copper concentration along the height of the
post. The solution used in this device is a modified version of Panda’s solution
that enables kinetic control of both copper and nickel deposition.
4.5.4. Plating Along the Surface Uniformly
4.5.4.1. Electric Field Lines

In addition to mass transport and kinetics, the electric field in a plating cell
can also limit the reaction rate on parts of the substrate. Fields can have a
strong effect when mass transport is not a limiting factor, and kinetics are fast
(higher parts of the kinetic region). These field lines are based on the orientation
of the anode, cathode and the plating cell. They tend to concentrate at certain
points, and cause local current densities to be higher or lower than the overall
average.

This causes nonuniformity in deposition along the surface of an

electrode.

For example, if field effects are strong, and parts of the working

electrode are further than others from the anode, the orientation is not completely
parallel, the deposition will be greater at places on the cathode that are nearer
and less at places farther away. In addition, current tends to be greater at the
edges of the cathode, and in the case of an anode larger than the cathode, this
can be more pronounced.

Recessed electrodes (micro or macroscale) can

provide a more uniform current distribution at the edges.
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4.5.4.2. Wagner Number

When the current distribution is based on field effects, it is known as a
primary current distribution. When kinetics limit the distribution along with field
effects it is called a secondary current distribution. The Wagner number is useful
when a secondary current distribution dominates; it relates kinetic effects to
electric field effects (Equation (4.4):
Wa =

κ  dη 


L  di 

(4.4)

where k is the conductance, L is the characteristic length, and dη/di is the change
in overpotential with change in current, which is also the inverse of the slope of
the polarization curve. If the inverse of the slope is small near the beginning of
the polarization curve, then the Wagner number is large. Most of the resistance
comes from charge transfer, so kinetics are slow. Field effects do not play a
large role, and the distribution is more uniform along the surface. As the inverse
of slope increases, higher into the kinetic region, the charge transfer resistance
decreases, (faster kinetics) and the ohmic resistance becomes dominant,
meaning field effects play a greater role. This leads to a secondary current
distribution where both kinetics and field effects are important. In the limiting
case, where the Wagner number goes to 0, the system has a purely primary
current distribution, based solely on electric field effects, and the surface current
distribution can be very nonuniform. The implication is that it is beneficial to have
a system with a high Wagner number to increase uniformity.

This can be

achieved by depositing at a very low current or at the limiting current. For the
solution used in these experiments, this is a problem. For post deposition it is
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important to optimize the solution so that a an appropriate copper nickel ratio is
achieved in the kinetic region. Copper and nickel experiments showed that a
high current density was required.

It was well into the kinetic region, where

kinetics are fast and field effects dominate. Having deposition uniform in the
posts hinders the ability to have uniformity along the surface for the wiring layer.
Since plating at a low current or at the limiting current is not possible, another
option is to make the electric field more uniform.
4.5.4.3. Active Area Density

The way resist is micropatterned on a substrate can have a large effect on
the plating uniformity. Current goes in the direction of least resistance, and so
from a distance field lines will bend towards the areas with a higher density of
exposed metal when Wa number is low. At the feature size, these lines will bend
together and go to the patterned areas. By treating patterned areas as an active
area density (AAD), or a ratio of actual available area over projected area
(Mehdizadeh, et al., 1992), rather than accounting for individual micro-features, it
simplifies analysis of a substrate, and allows for easier comparisons in
determining trends in the deposition uniformity (Mehdizadeh, et al., 1992).
4.5.4.4. Auxiliary Electrode

An auxiliary electrode, or thief, can be used to make current distribution on
a substrate more uniform. When the electric field effects are prominent, the
current density will be greater at the edge of a substrate. If a sacrificial electrode
that is in electrical contact with the substrate can be placed around the edge, the
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greater current density will go to the auxiliary electrode, and the substrate
deposition will be more uniform.
Past research has been done with patterned substrates and auxiliary
electrodes. Choi and Kang (1996) found there is an optimum size of the auxiliary
electrode for different active area densities. If the auxiliary electrode is too large,
the current density at the edges of the patterned area can drop below the center
current value. Results by Choi and Kang (1996) have also shown that with a
smaller active area density, current distribution from the center to the edge of the
substrate is more uniform.
Mehdizadeh, et al. (1992) modeled patterned electrodes with and without
a thief. With a non-uniform AAD and no thief, higher Wagners number gave
better uniformity.

Their research also showed that with a thief, a uniformly

patterned electrode actually gave more uniform current distribution than a bare
electrode. For a non-uniform patterned electrode, the results show that a thief
can help surface current distribution. Conclusions from the studies showed that
using a low plating rate, a bath that was very conductive, a small polarization
curve slope, and a low average active-area density all lead to better uniformity.
In addition, small spatial variations of active-area density, avoiding abrupt
variations in AAD, and small distances over which variations occurred, avoiding
variations over the entire work piece, also improved uniformity.
Oh, et al. (2004) used modeling and experiments to study the effects of
several different factors on plating uniformity. Their research showed that there
is an optimum value for the size of the auxiliary electrode and also for the
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distance between the auxiliary electrode and the patterned substrate, though a
smaller distance was generally shown to be better in terms of plating uniformity.
They also observed that the best uniformity occurred when the anode was the
same size as the cathode and that the distance between anode and cathode can
affect uniformity.
4.5.5. Electrodeposition Experiments

Several electrodeposition experiments were performed to determine a
solution composition and applied current density for uniform post composition, as
well as composition along the length of the wire layer for copper-nickel
deposition.
4.5.5.1. Flat Plate Deposition Testing

Some preliminary experiments were done using deposition onto a flat
plate to determine the effects of solution composition. The first solution was
taken from Panda (2004) with a pH of 8. This solution precipitated after some
time, so a second solution (A) was made with the same components, but with pH
increased to 8.9 (Table 4.2). The mass percent composition of the deposits
plated were obtained using energy dispersive X-ray fluorescence (EDXRF,
Kevex Omicron, Atlanta, GA).
Table 4.2. Copper-nickel plating soluition A, with pH
adjusted to 8.9.

Solution Component

Composition

Nickel Sulfate

1.0 M

Copper Sulfate

0.004 M

Sodium Citrate

0.3 M

Ammonium Hydroxide

270 mL/L
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Under flat deposition, it was difficult to get accurate results because the
deposited composition would vary along the surface.
conclusions were reached from testing.

However, some

The small amount of copper in the

solution most likely indicated deposition with copper in mass transport control,
but the nonuniformity along the surface of the flat plate indicated the nickel was
still in the kinetic range. The places where the copper and nickel were in a
favorable ratio produced rough, brittle deposits indicating hydrogen evolution. In
addition, the solution was not stable unless there was enough ammonium
hydroxide and sodium citrate added to complex the copper and nickel ions. This
meant that the total number of moles of ammonium hydroxide and sodium citrate
should at least equal the number of moles of copper and nickel ions. Several of
the attempted solutions precipitated for of this reason.
The solution was modified and more tests were performed. The amount
of nickel sulfate was decreased, and the copper sulfate was increased, in an
attempt to move the composition away from areas of high hydrogen evolution.
The citrate and ammonium hydroxide amounts were increased in order help shift
the partial current curve for copper towards the nickel curve to aid in deposition
of both copper and nickel in the kinetic region. The results still showed a great
deal of variation over the surface of the flat plate, and overall the data was
inconclusive. However, data revealed that extremely high pH’s (9-11) did not
give good results. A first impression would be to add as much ammonia as
possible to move copper more favorably, but results showed that deposits with
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high nickel content were rough and brittle.

A rotating Hull cell (Brinkmann

Instruments, Westbury, NY) was then used to obtain more useful data.
4.5.5.2. Rotating Hull Cell Testing
4.5.5.2.1. Background

One of the tools used to help find a solution that is kinetically controlled is
the rotating Hull cell. The device is based on combining two principles: the Hull
cell and the rotating cylinder electrode (Madore, 1993).
The Hull cell is a trapezoidal shaped plating cell where the cathode is at
an angle to the anode, which creates a distribution of current along the surface
due to electric field effects (primary current distribution). In this plating cell, a
local current density along the cathode can be determined from a known average
applied current density. This means that a range of deposition currents can be
tested from a single experiment.
A rotating cylinder electrode (RCE) allows one to know the boundary layer
thickness for mass transport based on the speed of the rotation, using the
Eisenberg relation (4.5).

δ = 99.62d −0.4ν 0.344 D 0.356 S −0.7

(4.5)

Here d is the diameter of the RCE, ν is the solution viscosity, D is the diffusion
coefficient of the solution and S is the rotation rate of the RCE. For a microelectrodeposition study, this allows one to relate rotation rate on the RCE to
recess depth by applying Eq. (4.3), and therefore simulate the recessed plating
conditions without a recessed substrate. The Rota-Hull cell (Figure 4.11), based
on the orientation of anode and cathode, gives a distribution of current along the
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Figure 4.11. Rotating Hull cell schematic

length of the cylinder, similar to a Hull cell, as well as allowing for relating rotation
rate to recess depth. The main benefit of using the Rota-Hull is that it allows
testing multiple current densities with a single experiment.
4.5.5.2.2. Testing

Several experiments were run with a rotating Hull cell with different
solutions and rotation rates.

Deposition experiments were performed on

stainless steel cylinders to facilitate testing of composition since the substrate
contained neither copper nor nickel. Rotation rates of 150, 400 and 600 rpm
were used in the experiments which correspond to 100, 50 and 35 µm recess
depths, respectively.
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The samples were put into the rotating Hull cell, and an average current
density was applied. Based on the manufacturer’s data, the ratio of local current
to average current density was known at each point along the cylinder. Using
energy dispersive X-ray fluorescence (EDXRF), the compositions at several
points along the cylinder were analyzed, and plotted against the current densities
expected at those points.
A new solution (B) was tested (Table 4.3), by modifying Panda’s solution
to increase copper content and citrate content but keep the pH below 9. Figure
4.12 shows a plot of copper concentration with respect to local current density for
this solution. The curves are shown corresponding to 100 µm, 50 µm and 35 µm
recess depths. In an ideal case, the three curves would be almost identical,
indicating recess depth, or mass transport effects, do not influence composition.
Although there is some similarity between curves, in places there is a disparity of
as much as 20% in composition, indicating that the deposition was at least partly
mass transport controlled.
In order to obtain kinetic control through the desired composition region,
the solution was modified, with greatly increased copper and sodium citrate

Table 4.3. Copper-nickel plating solution B, with pH
adjusted to 8.

Solution Component

Composition

Nickel Sulfate

1.0 M

Copper Sulfate

0.15 M

Sodium Citrate

0.75M

Ammonium Hydroxide

46.5 mL/L
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100
650 rpm (~35µm)
400 rpm (~50µm)
150 rpm (~100µm)
90

Copper Concentration, wt%
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Figure 4.12. Copper composition curve for solution B.

concentrations (Table 4.4).

Figure 4.13 displays copper concentration with

respect to current density for the same three recess depths. For this solution (C),
a much more uniform composition was obtained, although compositions with an
adequate amount of nickel required much higher current densities than the
previous solution.
Table 4.4. Copper-nickel plating solution C and D
components. The pH was 8.1 for solution
C and 6.8 for solution D.

Solution Component

Composition

Nickel Sulfate

1.0 M

Copper Sulfate

0.5 M

Sodium Citrate

1.0 M

Ammonium Hydroxide

74 mL/L

88

100
650 rpm (~35µm)
400 rpm (~50µm)
150 rpm (~100µm)

90

Copper Concentration, wt%

80

70

60

50

40

30

20
20

40

60

80

100

120

140

Current density ( mA/cm2 )

Figure 4.13. Copper composition curve for solution C.

Bulk constantan composition is normally considered 55% copper and 45%
nickel. Research has been done with electrodeposition of constantan (Delatorre,
et al., 2003; Bakonyi, et al., 1998) that showed good thermopower between -25
and -45 µV/K for compositions between 30 % and 60 % copper. Ideally, the
deposited composition can fall within this range throughout the height of the post,
so it can have a good, relatively uniform thermopower.
Another plating solution was made, using the same proportions of
reagents, however the pH was 6.8. The reason for this is unclear, but it may be
the result of using old ammonium hydroxide or impure DI water for the first curve.
A solution with a pH closer to 8.1 was attempted (by adding more ammonium
hydroxide) but the results were not favorable.
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A series of rotating Hull cell

experiments were performed for the pH 6.8 solution (D), and the results showed
similar shaped curves to solution C, with concentrations slightly offset (Figure
4.14). Solutions C and D show much improved uniformity over solution B, with
generally less than 10% composition change between curves, with some
variation at higher current densities. In general, uniformity in composition should
be best with small micropatterned recess depths, but the curves show sufficient
uniformity, even at 100 µm depths.
The results point out that these final two solutions allow electrodeposition
in the kinetic region for both nickel and copper, leading to a more predictable and
uniform deposit in micropatterned recesses.

The drawback was that

concentration had to be increased for copper, which led to higher current

100
650 rpm (~35um)
400 rpm (~50um)
150 rpm (~100um)
90
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Figure 4.14. Copper composition curve for solution D.

90

120

140

densities required for a nickel rich deposit. This can lead to hydrogen evolution,
and may require pulse plating for recessed deposition.
4.5.5.3. Wiring Deposition Testing

Some final tests were done to test the uniformity of plating along the
surface of a micropatterned substrate for the wiring layer of the device from this
solution. Tests were performed for deposition with different size thief electrodes
and without a thief to determine the compositions near the micropatterned
features and near the points of connection with the patterned circuit board.
Figure 4.15 displays the jig used along with the thieves tested for these
experiments. A large thief (13 mm from inner diameter to outer diameter) was
designed to reach to the edge of the sidewall on the jig.

Two successively

smaller sizes of 6.5 mm and 3.25 mm were also tested. Figure 4.16 shows the

a

e

b

c

f

d

g

Figure 4.15. Jig and auxiliary electrodes used in wire testing deposition. (a) patterned 10
cm wafer. (b) 13 mm (ID to OD) thief. (c) 6.5 mm thief. (d) 3.25 mm thief. (e)
Jig base. (f) Jig cover. (g) Assembled jig with patterned wafer and 13 mm
thief.
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experimental setup for the electrodeposition. A platinum coated titanium mesh
counter electrode was used in the experiments, along with a mechanical stirrer to
provide agitation. A horizontal substrate orientation was used so that any gases
formed during deposition would be able to escape from the surface easily.
Table 4.5 lists the results of the experiments. Analysis was performed
quantitatively with energy dispersive spectroscopy (EDS), and the error may be
10%-20% or more, but general trends can be observed. One point is that using a
thief did not necessarily improve the deposition uniformity. There was a much
larger disparity in the thickness of the deposited material between the center and
edges when a thief was used. The hypothesis for this result is that the way the

Figure 4.16. Experimental setup for wire deposition testing.
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Table 4.5. Comparison of Coper composition in constantan wiring layer for different
current densities and thief sizes.
T h ie f S iz e
(m m )

C u rre n t
D e n s it y
2
(m A /c m )

D e p o s it io n
t im e ( s )

13
6 .5
3 .2 5
N one
N one
N one
N one

20
50
50
40
50
60
70

60
90
120
90
45
45
45

O u t s id e e d g e
C e n te r C u
O u t s id e
C e n te r
Cu
c o n c e n t r a t io n
edge
h e ig h t ( µ m )
c o n c e n t r a t io n
(w t% )
h e ig h t ( µ m )
(w t% )
3 .3 5
50
0 .4
6 0 -7 5
8 .0
3 3 -4 3
1 .0
3 3 -5 5
5 .0
4 0 -5 0
1 .5
66
2 .4
7 5 -8 0
1 .3
5 0 -6 0
1 .7 5
66
1 .5
3 0 -4 0
2 .2 5
4 0 -5 0
1 .0
33
2 .5
4 0 -5 0
1 .0
2 0 -3 0

wiring layer was designed (covered in the next section), with the wire traces
gradually increasing in size with increasing distance from the center of the wafer,
helped to make the current distribution more uniform, and a thief was not
necessary.
Plating at a current density of 60 mA/cm2 provided the best composition
uniformity, though with a somewhat higher than optimal nickel content.

In

addition, within the channels of the wiring, the deposit was U-shaped, with a
greater current density along the edges of the length of the wire. This also
showed that field effects were prominent and raised a concern about plating at
the center, where wire spacing was very small (~3 µm). The overplating at the
edges happened quickly, and limited the thickness of the constantan deposit in
the middle without touching neighboring wires.
4.6. Mask Design
4.6.1. Mask Concerns and Design Goals

In designing the UV photomask for each layer in the device, the main
concerns were alignment and current uniformity during electrodeposition. The
main requirements in alignment have been detailed in the sections on tolerance
analysis. The results of these studies gave proper values for spacing and sizes
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of the microfeatures that would ensure the device would be fabricated
successfully. The remaining concerns were designing the alignment marks and
designing the masks for good current uniformity in deposition. A complete layout
of the masks used in fabricating the device can be found in Appendix A.
A radial pattern was chosen for the arrangement of the thermocouple
wires and the reference junctions’ connection to the PC board (Figure 4.17).
This was to keep the reference junctions of the thermocouples on the same
isotherm which would allow a single macroscale reference temperature
thermocouple to measure the temperature of all of the reference junctions.
4.6.2. Alignment Marks

Alignment marks were used on the masks to properly orient one layer with
another. All of the successive layers are oriented to the first layer. The first

5 µm array

3 µm array

Figure 4.17. Radial pattern for copper and constantan
wiring layers, for two separate 3x3 arrays.
Top half is with 5 µm posts, and bottom half
is with 3 µm posts.
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mask has a set of base alignment structures that were exposed and developed in
the resist for alignment of successive masks, which have features that visually
correspond to these structures for alignment (Figure 4.18).

The mask is a

darkfield mask, so care must be taken to ensure that the developed base
structures can be seen through the alignment marks on the mask.

Several

different sizes of marks were used to aid in alignment, to allow the best mark to
be used when aligning. The size difference between the marks was kept small in
order to allow very fine optical alignment. When alignment marks have a large
difference in size, it is difficult to align to a high degree of accuracy.

The

alignment marks for the device masks used nominal half width size differences of
10, 7.5 and 5 µm between the base and mating structures.
4.6.3. Current Uniformity Along Substrate Surface

To aid current uniformity along the surface of the wiring layer mask, a
gradual increase in wire size from the point of the measuring junction to the

a

b

Figure 4.18. Alignment marks on the photomasks. (a) marks for first layer of device
for forming alignment structures in resist. (b) Second layer mating
alignment marks.
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reference junction was used. This prevented sudden changes in active area
density, which can cause nonuniformity.
For the post and junction layer masks, no extra structures were used to
aid in current uniformity, instead, it was assumed that the best current distribution
would be achieved by only leaving the necessary structures in the design. A
sacrificial area (Figure 4.15d) was used around the edge of the patterned area in
order to increase the overall plating area and allow better control of the current
density.
4.7. Device Fabrication
4.7.1. Wafer Preparation

The microfabrication was performed on a silicon wafer. It was important
for the wafer to have high electrical resistivity along the surface, to ensure that
the wires on the surface of the device were adequately insulated from each
other. For fabricating the device, two types of silicon wafers were tested, one
with a 4.5 µm SiO2 layer and another with high resistivity of 63-77 Ω-cm were
used. A 0.01 µm titanium adhesion layer and then a 0.05 µm copper plating
base were e-beam evaporated onto the surface of the silicon wafer. The wafer
was then dehydration baked at 95 °C on a hot plate for 5 minutes to promote
adhesion of the resist with the substrate.
4.7.2. Wiring Layer

S1813 positive photoresist was used for the patterning the wiring layers.
Approximately 20 ml of resist was poured on the surface of the substrate, and
spun at 2000 rpm for 60 seconds. The sample was baked for 90 seconds at 95
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°C on a hot plate. The sample was exposed with vac uum contact on a Quintel
UL7000-OBS Aligner and Exposure station (Quintel Corp., Morgan Hill, CA) with
a dose of 75 mJ/cm2 at the 365 nm wavelength. It was important to insure high
vacuum contact in order to keep the features exposed in the resist as close as
possible in size to the features on the mask. The resist was developed with MF321 Developer (Rohm and Haas, Philadelphia, PA) for 120 seconds.

After

development, the sample was rinsed with DI water and blown dry with nitrogen
gas (Figure 4.19a). The processing parameters for the S1813 resist were taken
from manufacturer’s recommendations (Shipley, Inc., Marlborough, MA) modified
through testing.
A small amount of DI water, approximately 5 ml, was placed over the
center of the micropatterned structures, and the sample was placed in a vacuum
chamber (Nalge Nunc International, Rochester, NY), and depressurized with a
vacuum pump (Emerson, St. Louis, MO) for 6 minutes to remove any air bubbles
from the small patterned areas of the wiring layer.

The sample was

electroplated, using the same jig and setup as for the wire deposition testing

a

50 µm

b

Figure 4.19. Copper wiring layer fabrication.
(b) After copper deposition.
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50 µm
(a) After exposure and development.

(Figure 4.16), without an auxiliary electrode. The solution used for the copper
wiring layer is given in Table 4.6.

Plating was done galvanostatically, at 7

mA/cm2 for 12 minutes. After electroplating, the sample was thoroughly rinsed
with DI water and dried (Figure 4.19b). It was important to insure that the current
was started as soon as possible once the sample was in the plating bath
because the copper plating base was etched by the solution when the sample
was in the solution and no current was applied.
Next, a layer of S1813 resist was spun over the first layer of resist in order
to cover the exposed copper wiring, and prevent electroplating on the copper
during the copper-nickel electrodeposition. The alignment marks were covered
with polyester tape (100 µm thickness, Harman Corporation, Rochester, MI) so
that the second resist layer would not obscure the marks and make future
alignments difficult. The resist was spun at 2000 rpm for 60 seconds. The
polyester tape was removed prior to prebaking, since it was discovered that
leaving the tape on the resist during the baking step left a residue which hindered
visual alignment. The sample was baked at 95 °C fo r 90 seconds. The second
wiring layer mask was aligned to the base layer and exposed under vacuum
contact on the Quintel exposure station, with a dose of 75 mJ/cm2 at 365 nm. It
was developed for 120 seconds in MF-321 developer (Figure 4.20a).

Table 4.6. Copper plating solution components.

Solution Component

Composition

Copper Sulfate

1.0 M

Sulfuric Acid

100 mL/L
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The

sample was again placed in a vacuum chamber and depressurized to remove air
bubbles and electroplating proceeded with copper nickel solution D, using the
same experimental setup as for the copper deposition.

The applied current

density was 60 mA/cm2, for 15 seconds. The sample was then thoroughly rinsed
with DI water and dried with nitrogen gas (Figure 4.20b).
4.7.3. Post Layer

The vertical post intermediate layers helped to thermally isolate the
thermocouple junctions from the wiring. The first step was to remove the thin
resist that was already present. Spinning AZ P4620 resist over the thin S1813
resist layer was attempted, but did not give good results. The solvents in the
unbaked AZ resist reacted with the layers below, leaving a surface that could not
be used for further exposures. Therefore, the alignment marks were covered
with aluminum foil, and a flat exposure over the entire surface of the wafer at 200
mJ/cm2 at 365 nm was used on the Quintel exposure station. The foil was
removed, and the resist was developed with MF-321 developer for 120 seconds,
removing the resist from the wiring layer, and leaving the unexposed alignment

a

50 µm

b

50 µm

Figure 4.20. Copper-nickel wiring layer fabrication. (a) After exposure and developing.
(b) After copper-nickel deposition.
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marks intact. Next, the wafer was rinsed with DI water, dried, and baked at 95 °C
for 5 minutes on a hot plate to remove any remaining water and improve
adhesion of resist to the wafer.

The alignment marks were covered with

polyester tape during the spin coating of the resist.
The method for spin coating the resist for the intermediate post layer was
taken from Yoon, et al. (1998). Since multiple exposures were required on a
single resist layer for device fabrication, a positive resist was necessary. There
are some negative resists, such as SU-8, that are well suited for thick coats and
tall microstructures, but to get thick structures with positive resists generally
requires spinning multiple coats. Multiple coats lead to longer process times,
more opportunities for problems and suboptimal exposure results. Yoon, et al.
reported a technique to spin positive resist in thick layers with a single coat by
using high spin speeds and very short spin times. The spin speed used was
2000 rpm for 5 seconds for a nominal 20 µm post height, with actual results
between 18 µm and 19 µm across the wafer surface.
After spin-coating, the edge bead was removed by hand with a flat glass
plate, and the polyester tape was removed from the alignment marks before
prebaking. The sample was given a 10 minute relaxation time before being soft
baked in a convection oven (M326 mechanical convection oven, Blue M Electric,
Watertown, Wisconsin) for 10 minutes at 85 °C, and then baked again on a hot
plate at 115 °C for 60 seconds. The sample was bak ed on a glass holder on the
hot plate such that the there was an air gap between the middle underside of the
wafer and the hotplate, and the top was covered.
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This method was

recommended by Yoon, et al. (1998) for improved sidewalls on developed
structures.

The high temperature bake was experimentally found to improve

aspect ratio, but also reduced exposure sensitivity, so it was kept short. The air
gap prevented sudden heating at the base of the resist, which caused thermal
stress, and the cover helped to maintain the proper temperature over the surface.
After baking, the sample was allowed to cool for at least 20 minutes before
exposure. The sample was aligned and exposed on the Quintel with an intensity
of 600 mJ/cm2 at 365 nm, with high vacuum to ensure good contact.

The

alignment marks were covered with polyester tape to keep them in good
condition during development. The sample was developed for 4 minutes and 30
seconds in AZ 400K developer (AZ Electronic Materials, Somerville, NJ), diluted
4:1 with DI water, rinsed with DI water, and dried (Figure 4.21a).
The sample was placed in a vacuum chamber and depressurized for 15
minutes to remove air bubbles, and then the copper-nickel posts were deposited
using the same electroplating setup as the copper-nickel wiring layer, except an
addition sacrificial electrode (Figure 4.15d) was used to increase the area of
deposition to allow for more precise control of current density. The actual local

Copper
post

Developed
recess

50 µm
a
b
Figure 4.21. Copper-nickel post layer fabrication
(b) After copper-nickel deposition
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50 µm
(a) After exposure and developing.

current density at the posts was difficult to know for certain, but experiments
indicated that it was higher than the applied current density. When the same
current density used for the constantan wiring layer was used to plate the posts,
a heavily oxidized and uneven deposit formed over the posts (Figure 4.22). To
alleviate this effect, the current density was reduced, and a pulse plating scheme,
modified from Panda (2004), with a 0.25 duty cycle and 10 second on time was
used. The current density applied was 15 mA/cm2 for a total plating on-time of
20 minutes. The actual copper nickel composition of the resulting posts has not
been tested.

After deposition, the sample was rinsed with DI water and dried

(Figure 4.21b).
The alignment marks were covered with polyester tape and a layer of
S1813 resist was spun over the surface in order to prevent electroplating on top
of the copper-nickel posts during the copper electrodeposition. The resist was
spin coated at 2000 rpm for 60 seconds, the tape was removed, and the sample

50 µm

Figure

4.22.

Copper-nickel post deposition with oxide
formation at high current density without
pulse plating.
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was prebaked on a hot plate for 90 seconds at 95 °C . The sample was aligned
and exposed with the copper post layer on the Quintel exposure station with a
600 mJ/cm2 dose at 365 nm with high vacuum contact. It was developed for 4
minutes and 30 seconds in diluted AZ 400K developer (Figure 4.23a).

The

sample was rinsed in DI water and dried, and depressurized for 15 minutes with
5 ml of water placed over the structures. For electrodeposition, the plating setup
used was the same as for the copper-nickel posts, using the copper plating
solution. The sample was plated at 7 mA/cm2 for 1 hour and 15 minutes, rinsed
with DI water, and dried (Figure 4.23b). Pulse plating was not necessary for the
copper posts because of the lower current density applied and lack of noticeable
oxide formation.
4.7.4. Junction Layer

The junction layer was exposed without spinning another layer of resist.
The goal of the junction layer exposure was to expose an area of resist that
connected the two posts, and maintain the exposure long enough so that the
copper nickel post was exposed, but not so long that the area between the posts

Developed
recess

a

50 µm

Coppernickel
post

b

50 µm

Figure 4.23. Copper post layer fabrication. (a) After exposure and developing. (b) After
copper deposition.
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etched too deeply when developed. The sample was aligned and exposed with
the final mask at 75 mJ/cm2 at 365 nm on the Quintel exposure station, and
developed for 2 minutes in MF 321 developer (Figure 4.24a). The sample was
depressurized for 20 minutes, and the copper junction was electrodeposited with
the same plating apparatus as the copper post layer. The plating was done at 7
mA/cm2 for 45 minutes. After plating, the sample was rinsed with DI water and
dried (Figure 4.24b).
4.7.5. Etching the Plating Base

After all of the layers were plated, it was important to separate the
electrical connection between all of the wires by removing the copper plating
base and adhesion layer on the wafer. The sample was first soaked in acetone
to remove all of the resist on the surface of the wafer, though in the future, a flat
exposure and development may be optimal to ensure complete removal. Next
the sample was gently rinsed in IPA and dried. Before etching the copper base,
SEM pictures were taken to examine the structures. Most of the junctions did not
survive resist removal and rinsing, and most likely did not connect well enough
from the two posts to create a stable structure (Figure 4.25).

a

50 µm

b

50 µm

Figure 4.24. Copper junction layer fabrication. (a) After exposure and developing. (b) After
copper deposition.
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a

Reference temperature
thermocouple

b

c

d

Figure 4.25. Device after electrodeposition and resist removal. (a) View of 3 µm 3x3 array
with reference temperature thermocouple on the right. (b) 3 µm 3x3 array.
(c), (d) Closer views of successful thermocouple junctions.

The sample was placed in a commercial copper etching solution
(Transene Company, Inc, Danvers, MA) to remove the copper plating base, for
10 seconds, and then immediately placed in DI water. To remove the titanium
adhesion layer, the sample was etched in a 1% hydrofluoric acid solution for 10
seconds, and immediately placed in DI water. Afterwards, the resistance of the
wires was tested to ensure electrical isolation of adjacent thermocouples. This
was the final step reached in the microfabrication of the device. However, for
actual use in cell temperature measurements, SU-8 would be cast around the
microstructures, dissolved to the level of the junctions, and then given a flat UV
exposure. A final working thermocouple array with an intermediate post layer
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was not successfully fabricated. A thermocouple array without the post layer was
finished, and this device was tested.
Table 4.7 compares the resulting final dimensions of two samples along
with the design dimensions. The tolerances that were determined for the system
were adequate in the final fabrication of the device. The wiring layers showed
sizes very close to the design dimensions and even smaller in some cases, but
the posts were greater in size than what was designed. More optimization would
perhaps be able to bring the posts closer to the design sizes, but it is unlikely that
they would match exactly. The actual alignment error was very good, and was
less than 1 µm for all cases. This helped to compensate for the failure to include
structure size increase during fabrication in the tolerance analysis.
4.8. Conclusions

The fabrication process chosen for the device was difficult to complete
successfully. The small sizes and close tolerances required resist parameter

Table 4.7. Feature size and alignment accuracy for two fabricated samples.

Sample 1
3 µm post

2.6
5.7

Align
Error
(µm)
-

3.0

5 µm post

3.6
7.7

Align
Error
(µm)
-

0.2

3.7

6.0

0.2

2.9
5.8
4.4
5.3
-

Size
(µm)
Copper wire
Copper pad
Copper-nickel
wire
Copper-nickel
pad
Copper- Base
nickel
Top
post
Copper Base
post
Top
Copper junction

Sample 2
3 µm post

2.6
5.7

Align
Error
(µm)
-

0.4

2.8

7.9

0.4

0.2

6.3

0.2
0.1
0.1
-

8.7
6.7
8.2
-

Size
(µm)

5 µm post

Ideal
3 µm 5 µm
post
post

3.5
7.5

Align
Error
(µm)
-

0.3

3.7

0.1

3

4

5.9

0.3

7.7

0.1

6

8

0.4

3.9

0.5

6.7

0.4

3

5

0.4
0.2
0.2
-

5.1
4.1
4.4
16.2

0.5
0.8
0.8
-

7.9
6.4
7.5
-

0.4
0.6
0.6
-

3
3
3
15

5
5
5
22
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Size
(µm)

Size
(µm)

Size
(µm)

Size
(µm)

3
6

4
8

optimization for fabrication.

Due to the nature of the multi-layer fabrication

process, optimization on successive layers required substantial time, and left
more room for mistakes during the procedure. The plating base and adhesion
layer etching step was completed for only two samples, one on a high resistivity
wafer, and another on a wafer with oxide.

From the arrays on these two

samples, only one thermocouple junction survived intact, though it was on the
high resistivity wafer, which did not have sufficient electrical insulation to isolate
the individual wires from each other. A sample without an intermediate post layer
was fabricated on an oxide wafer, with 16 of 20 junctions fabricated successfully.
This sample was tested and calibrated, with results presented in Chapter 5.
The fabrication of the junction layer of the device could be improved.
Though the layer was intended to be only 2 µm thick, the same thickness as the
copper wiring layer, the deposition took much longer than the copper wiring layer
deposition. It took a significant amount of time to get the deposition on both
posts to join together. One solution might be to e-beam evaporate a copper seed
layer above the post layer and then spin and bake a resist to pattern the
junctions on top of this layer. The junction plating would be uniform, and the
remaining unplated seed layer could be etched away afterwards.
The removal of the plating base and seed layer was also an area that
could be improved. When the resist layer was removed the, weak copper-nickel
post to copper-nickel wiring layer adhesion caused some posts to separate from
the sample. In addition, the remaining metal under the deposited wires means
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that the thermocouple wires behave as a combination of the plated metal and the
seed layer metal in terms of Seebeck coefficient.
One solution to this problem could be to etch the silicon wafer from the
backside, without removing the resist surrounding the thermocouple junctions.
This would require an additional temporary support for the sample, mounted on
the top surface to sustain the structures while the wafer and plating base were
etched away. Another solution might be to isolate the wiring and post layers for
separate fabrication, and then passively align and assemble them. With this
method, it may be possible to electrodeposit in the reverse order, with the
junctions plated first and then the posts plated on top. The posts and junctions
could be removed from the plating base, inverted and fixed onto the separate
wiring layer.
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5. Calibration and Testing
5.1. Instrumentation
Good signal acquisition and conditioning are required to obtain useful data
from the thermocouple array. A printed circuit board (PCB), designed by Don
Patterson of the Center for Biomodular Multiscale Systems (CBM2) was
connected to the micropatterned wiring layer by a radial pattern of spring loaded
gold contacts (Figure 5.1).

These connections also formed the reference

thermocouple junctions for the circuit. The goal of the instrumentation was to
amplify and filter the small, microvolt level signal, compensate for the reference
junction temperature, and provide the result in an accessible manner for analysis.

Microthermocouple
to circuit board
connections
(reference junctions)

Spring loaded gold
contacts

Type-T thermocouples for reference
junction compensation, fixed next to
reference junctions, beneath the board
Figure 5.1. Interfacing of instrumentation and microfabricated device.
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This chapter gives a brief outline of the signal processing and collection, sources
of error, the method used for calibration, and the results of the calibration. Figure
5.2 is a block diagram of the circuit for the device. The different components
involved will be explained in the next few sections.
5.1.1. Amplifiers and Multiplexing
Amplifiers were important in this system because the signal produced by
the thermocouples was small and susceptible to noise. The standard sensitivity

Figure 5.2. Block diagram for the electrical system. The setup of the instrumentation
allowed for two separate data inputs: One for the auxiliary thermocouple, and
one multiplexed signal from each of the thermocouples in the array. The
auxiliary thermocouple measured a voltage and the compensation
thermocouple (1) was combined with it. The signal was amplified (2), then
filtered (3), and amplified again (4). The thermocouples from the array were
multiplexed and individual signals were combined with the compensation
thermocouple (1), then amplified (2), and the auxiliary thermocouple signal
was differenced from it and amplified. The new signal was filtered (3) and
amplified again (4).
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for a type-T thermocouple is approximately 38 µV/°C between the reference and
the measuring junctions (ASTM, 1970).

The actual voltage generated was

limited because the temperature difference between junctions could be one
degree or less. The reference junctions were in close contact with the cooling
area, and their temperature could be similar to that of the measuring junctions.
The amplification was designed to be early in the circuit in order to limit the
interference from noise.
In order for the amplifiers to work well in conjunction with data acquisition,
an auxiliary microthermocouple was fabricated just outside of the thermocouple
array (Figure 5.3). When a cooling rate is applied, this auxiliary thermocouple
would experience the same temperature change as the array thermocouples.
When a cell culture is placed on top of the array, the auxiliary thermocouple
would be outside the range of heat generation from cell freezing.

Microthermocouple
array
Auxiliary microthermocouple

Figure

5.3.

SEM picture of successfully
thermocouple
array
with
thermocouple.
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fabricated
auxiliary

micromicro-

The

temperature from the auxiliary thermocouple is subtracted from the array
thermocouples to isolate the temperature jump of freezing cells from the cooling
rate. Once the signal is isolated, it is amplified 100 times to improve the reading
of the signal.

Without this differencing, the ambient temperature bias would

saturate the amplifier under high gains.
Multiplexing allowed multiple signal inputs to go through the same circuit,
in series, by switching between inputs, one by one. This permitted the use of
fewer amplifiers and filtering circuits by sacrificing sampling rate.

The time

constant of cell freezing was estimated to be as small as 7.5 ms. The board
allowed sampling rates of up to 250 Mhz, and multiplexing the thermocouples in
the array decreased this value by a factor of nine, for each of the thermocouples
in the array. If the sampling rate of the board was the limiting factor, 200,000
samples per time constant could be gathered. Multiplexing did not create any
sampling rate limitations.
5.1.2. Reference Junction Compensation
In most modern thermocouple devices, the thermocouple reference
temperature is near the point of connection between the thermocouple wires and
a voltage measuring device. At this junction, there is normally a temperature
sensitive resistor which compensates for the junction temperature, to give a
reliable reading from the thermocouple (Horowitz and Hill, 1985).

For this

system, the reference junction location was dictated by the interface between the
microfabricated components and the instrumentation—connected with the gold
contacts—and it was not possible for the junction to be immediately adjacent to
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the circuit. A commercial 0.076 mm diameter junction thermocouple (model 5TCTT-T-40-36, Omega Engineering, Inc, Stamford, CT) was placed at the base of
the circumferential arrangement of reference junctions, and connected to the
circuit so it could be subtracted from the microthermocouple readings and
compensate for the reference temperature (Figure 5.1). It was assumed that the
temperature at each of these reference junctions was the same, being at the
same distance from the center of the cooling element, as long as the sample was
properly oriented on the cooling stage.
5.1.3. Noise Filtering
Preliminary testing showed that 60 Hz noise was dominant. Since the
sensitivity of the thermocouple was low, and the difference in temperature
between the measuring and reference junctions was expected to be small, a filter
was important for obtaining a readable signal.

The actual temperature jump

would occur within 0.015 s, so it was necessary to use a notch filter around 60Hz
rather than a simpler low pass filter.
5.1.4. Data Acquisition
The printed circuit board (PCB) was connected to a terminal box (Model
SCB-68, National Instruments Corp., Austin, TX), capable of accepting eight
differential analog inputs.

The thermocouple array required two differential

inputs, one for the multiplexed, differenced array data, and one input for the
auxilliary microthermocouple. A PCI data acquisition board (Model PCI-6229,
National Instruments) was used to interface from the terminal box to the
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computer. LabView software (Version 7.1.1, National Instruments, Austin, TX)
was used to control acquisition of the data.
5.2. Thermocouple Calibration
Calibration was important in this system because the electrodeposited
CuNi (Constantan) was expected to have somewhat different thermoelectric
properties than the bulk material. Previous work in electrodeposition has shown
that the Seebeck coefficient for electrodeposited constantan differed from the
bulk value (Taherian and Hoseini, 2004; Delatorre, et al., 2003; Bakonyi, et al.,
1999).
5.2.1. Sources of Error
5.2.1.1. Nonuniformity in Wires
One of the assumptions made for determining temperature based on
thermocouple voltage was that the wires in the circuit were all of uniform
composition. When there is a change in composition, the thermocouple circuit
behaves as if another junction between different metals is present.
Figure 5.4 shows three examples for determining the voltage generated in
a thermoelectric circuit.

The simplest case, where no voltage is generated,

consists of a single metal with ends at two temperatures. There is a temperature
gradient in opposite directions (from T1 to T2 and then back from T2 to T1);
however, since the Seebeck coefficient is the same for both paths, the net
voltage change is zero. Case 2 is the traditional thermocouple circuit. There are
two metals, and two different temperatures at the junctions. There is a variation
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a

b

c

Figure 5.4. Thermocouple voltage examples from different arrangements. (a) Case 1, single
metal and two temperature junctions. (b) Case 2, two metals with two
temperature junctions. (c) Case 3, four metals with four temperature junctions.

in temperature as well as Seebeck coefficient, and the EMF generated is based
on the magnitude of both the temperature and Seebeck differences.
The final case is meant to illustrate the effect of nonuniformity in the
thermocouple material.

There is a nominal measuring junction of T1, and a

reference junction of T2. The nonuniformity in deposited metals is represented
as a discrete composition change with additional junctions T3 and T4 as a
simplification from the actual gradual material change. The gradual uniformity
change could be discretized as a series of many intermediate junctions, or more
accurately as an integral.

With the two additional junctions, there are four

Seebeck coefficients, and four temperature junctions. Running through the loop
of the different metals and then simplifying gives Equation 5.6 in Figure 5.4c.
Assuming that the Seebeck coefficients are known for each metal, the voltage
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generated (∆E) and the reference junction temperature are known, there are still
three unknowns: the measured temperature, T1, and the temperatures of the
two auxiliary junctions, T3 and T4; so determining the actual measured
temperature is impossible.
In a real experiment, the thermocouple will be assumed to behave as in
Equation 5.4, when it may behave more like Equation 5.6. This nonuniformity
distorts the measurements such that they depend on intermediate temperatures
of the wires, which cannot all be known, and an uncertainty in the measurement
and the Seebeck coefficient, exists because the wrong governing equation is
assumed.
5.2.1.2. Standard Reference Thermocouple
Another source of possible error was from the thermocouple used to
measure the temperature of the reference junctions.

A standard type-T

thermocouple was used to measure the reference junction temperature, and the
voltage generated on this thermocouple was fed back into the processing
circuitry for the thermocouple array. Although they were not analyzed, it was
very likely that the electrodeposited thermocouples did not have the same
Seebeck coefficient as the standard thermocouple. The difference in Seebeck
coefficients between the standard and the electrodeposited thermocouples
introduced some error.
For example, take the case where the microthermocouple sensitivity,
Seebeck coefficient, is half of the compensation thermocouple sensitivity, α/2 and
α, respectively.

When the measuring and reference junctions of the
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microthermocouples are at the same temperature, the voltage reading is purely
from the compensation thermocouple, and the correct temperature can be
obtained from the measured voltage with α. If there is a temperature difference
between the reference junction and measuring junction, the voltage generated is
based on α/2, and also on α.

In this case, when the voltage measured is

converted to a temperature based on α, the value would be off by half of the
temperature difference between the reference and measuring junctions. In order
to compensate for this, it would be necessary to know the temperature of the
reference junction, in addition to implementing a reference junction compensation
thermocouple.
5.2.1.3. Adhesion Layer and Seed Layer
A conductive layer was necessary to allow electrodeposition on the
patterned substrate. Copper was chosen as the plating base only after flat plate
deposition testing with titanium and gold showed poor results that did not match
well with the Rotating Hull cell results. Titanium was required as an intermediate
layer because of poor adhesion between copper and silicon.
In order to isolate the electrical connections of the individual wires, these
two surface layers were etched away after all of the electrodeposition was
finished, leaving only the copper and titanium directly beneath the copper and
copper-nickel wires. This remaining copper and titanium changed the effective
Seebeck coefficient of the wiring layer. Herin and Thery (1992) developed an
equation for quantifying the effective Seebeck coefficient for layers of metals in
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electrical contact. Applied to the system being studied, the equation can be
written as Eq. (5.7).

α eff =

α CuNiσ CuNi t CuNi + α Tiσ Ti tTi + α Cuσ Cu t Cu
σ CuNi t CuNi + σ Ti tTi + σ Cu t Cu

(5.7)

Here α is the Seebeck coefficient, σ is the electrical conductivity and t is the
thickness of the respective layer. The same equation would apply to the copper
wiring, with the CuNi terms removed. From the equation, it is clear that metals
with high conductivity and thickness help contribute a greater portion of the
Seebeck coefficient.
The thickness of the copper and especially the copper-nickel deposits
were limited by the amount of overplating that was allowable. In order to properly
fit both wiring layers, and eliminate electrical contact except at the junctions, the
plating time had to be limited. Plating for Constantan tended to be much thicker
at the edges and smaller at the center, forming a U-shaped deposit along the
length of wire.

Overplating on the edges occurred very quickly during

electrodeposition, and the thickness of the Constantan deposit in the center was
limited to around 0.4 µm. A thicker deposit would have been better, leading to
more of the overall Seebeck coefficient coming from the copper-nickel deposit
instead of the copper and titanium below.

The effect was estimated by
1

Table 5.1. Material properties used with Eq. 5.7. Data from: efunda.com, 2006;
2
3
Worner, 1950; Wikipedi.org, 2006

Seebeck coefficient, α
(µV/°C)

Electrical conductivity, σ
(Ωm-1)

Thickness, t
(µm)

Copper

65

1

5.95x107

3

0.05

Constantan

-35

1

2.0x106

3

-

14

2

3

0.01

Titanium

6

2.38x10
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substituting values (Table 5.1) into Equation 5.7.

The equivalent Seebeck

coefficient for a 0.4 µm thick copper-nickel layer was -1 µV/°C and -17 µV/°C for
a 2 µm thick layer.
5.2.2. Calibration Procedure
Figure 5.5 displays the experimental apparatus. Only one sample on an
oxidized wafer completed the fabrication process including wet etching of the
plating base and adhesion layer. The wafer contained two sets of arrays, without
an intermediate post layer. One set was with a 4 µm wire size at the junction,
and the other set used a 3 µm wire size. Two 0.5 mm type-J thermocouples
(model 5TC-TT-J-24-26, Omega Engineering, Inc, Stamford, CT) were fixed to
the wafer with polyester tape (Harman Corporation, Rochester, MI), to monitor
the temperature.

One thermocouple was placed ~3 mm from the reference

junction, near the connection to the PC board, and the other was placed ~3 mm
from the micro-thermocouple array.
A BCS-196 cooling stage (Linkam, Ltd., UK) was used to control the
temperature of the device. The cooling stage had a recessed cooling element
that could not make direct contact with the bottom of the wafer. The cooling
element was easily scratched, so rather than using a thermally conductive block
to conduct heat from the cooling element to the wafer, a 13 mm thick PMMA
block (0.17 W/mK) was used. This gave more stable results than leaving an air
gap between the wafer and the cooling element. The experiments were run with
a temperature range from 20 °C to 5°C, as lower tem peratures were not
achieved. Only one thermocouple from the array could be calibrated at a time
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PC board
power
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Terminal
Box
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b

Thermocouple
output
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Calibration
thermocouple

PC board

Reference
junction
compensation
thermocouple
Microthermocouple
array

Cooling
Stage

Figure 5.5. (a), (b) The experimental apparatus.

because of the design of the instrumentation. Two thermocouples from each of
the arrays were tested to check functionality.
The samples were cooled at approximately 0.5 °C/min , and the
temperature at the reference and measuring junctions was recorded along with
the voltage output from the micro thermocouple. Measurements were taken for
the samples going both up and down scale with respect to temperature. In order
to distinguish between voltage generated by the reference junction compensation
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thermocouple and the microthermocouple, a control case was also tested. The
cooling rate was applied with the same system, but the gold-fingered pads on the
PC board were offset so that they did not make contact with any of the
thermocouple junctions.

This provided data for the reference junction

compensation thermocouple by itself, for comparison with the microthermocouple
array results.
5.2.3. Calibration Results
Figure 5.6 displays the results of the control experiment. This is the plot of
the measured voltage with respect to temperature at the reference junction. A
least squares approximation was used to obtain the sensitivity of the reference
-2.1

-2.1
Cooling curve data
Linear fit

Heating curve data
Linear fit

-2.2

-2.2
Potential (V)

-2.15

Potential (V)

-2.15

-2.25

-2.25

-2.3

-2.3

-2.35
0

5

10
15
Temperature (C)

20

-2.35

0

5

10

15

Temperature (C)
a
b
Figure 5.6. (a) Calibration curve recorded during cooling of the device. (b) Calibration
curve recorded during heating of the device.
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20

thermocouple. The sensitivity obtained for the cooling curve was -11.40 mV/°C
and -10.26 mV/°C for the heating curve, indicating a difference of 10% between
the two values. The standard deviation of the data from the linear fit was 6.5 mV
for the cooling curve and 7.1 mV for the heating curve.
Individual thermocouples from the two arrays were tested, with data
recorded for both cooling and heating. The procedure was to subtract the fitted
control curve from the micro thermocouple data to obtain an estimate of the
voltage generated by the microthermocouples alone. The corrected voltage was
based on the difference in temperature between the measured and reference
junctions.

The temperatures measured at the reference junction and the

measuring junction varied during the data gathering, though not regularly. This
variation was used to analyze the sensitivity of the microthermocouples.
Figure 5.8 are data collected for thermocouple 8 in the 4 µm wiring layer
array (Figure 5.7), shown as a representative example of the analysis process.
All of the data are found in Appendix B. Figure 5.8a displays the temperature
variation with respect to sample number. This is the differential temperature
between the reference and the measuring junction.
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Figure 5.7. Thermocouple numbering. (a) 3 µm wiring layer. (b) 4 µm wiring layer
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Figure 5.8. Data curves for selected 5 µm thermocouple. a. Temperature variation between
reference and measuring junction. Data is split into two curves, 1 and 2. b.
Measured potential adjusted with data from control curve. c. Sensitivity plot for
curve 1. d. sensitivity plot for curve 2.

The temperature profile shows a curve with both decreasing temperature
and increasing temperature. The results were therefore split into two curves, one
for temperature decrease (curve 1) and one for increase (curve 2), to facilitate
further analysis. Figure 5.8b displays the measured potential after subtracting
the data obtained from the control case, yielding just the voltage generated by
the microthermocouples between the measuring and reference junctions. The
two graphs were combined based on sample number to display voltage with
respect to temperature difference for curves 1 and 2 (Figure 5.8c and d). A linear
curve fit was applied to the data to obtain an estimate of the sensitivity for the
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thermocouple. There was a possibility of error generated by subtracting a 2 V
bias from the measurement and then analyzing data on the order of 10 mV.
A total of two thermocouples from each array (3 µm and 4 µm wiring) were
analyzed, with both cooling and heating curves for each. A summary of the data
is presented in Table 5.2. The data varied significantly between experiments.
Standard deviation of data from the linear fit was in some cases as high as 200
mV, and the sensitivity between curves varied greatly.

A preamplification

sensitivity, Seebeck coefficient, was calculated for the thermocouples based on
the amplification used with the reference junction compensation thermocouples.
Data for each individual thermocouple should yield the same Seebeck coefficient,
however, the values fluctuated greatly. For example, one of the thermocouples
tested showed a variation from +135 to -48 µV/°C for the Seebeck coefficient.
5.2.3. Conclusions
The calibration and testing of the device was inconclusive. A standard
sensitivity value for the thermocouples, meaning an actual calibration of the
Table 5.2. Results of the calibration experiments.
Thermocouple
wire size
3 µm

Cycle

Curve

cooling

1
1
2
1
2
1
2
1
1
2
1
2
1
2

heating
cooling

3 µm
heating
cooling
4 µm

heating
cooling

4 µm
heating

Standard
deviation, data
& linear fit (mV)
69.2
8.7
134.7
238.8
298.2
8.7
86.7
46.9
75.4
9.0
39.6
31.0
75.4
21.9
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Sensitivity
(mV/°C)
-32.6
-11.8
-60.8
63.9
135.0
-31.0
-48.0
-4.6
-44.1
-16.4
-28.0
-25.0
-38.6
-25.4

Sensitivity preamplification
(µV/°C)
-114
-41
-213
224
473
-108
-168
-16
-155
-58
-98
-88
-135
-89

device, was unsuccessful, because of the large differences in measured values.
The results do indicate a variation of voltage with respect to temperature,
indicating that the micro-thermocouple junctions are providing a voltage, however
this voltage has not been accurately tested. More experiments are required for
conclusive results, including determining if some of the discrepancy in Seebeck
coefficients is due to nonuniformity in wire composition.
The experiment could be improved upon. Proper cooling from the stage is
essential. The cooling power from the cooling stage was not well regulated on
the sample, and the rate was not uniform. The thermocouples used to test the
device should have been smaller than the ones used. The size used was 0.5
mm, and sizes as small as 0.0127 mm are commercially available, though
extremely delicate. A thermally conductive paste would help to ensure that the
measurements made by the testing thermocouples would be closer to the actual
temperatures for the reference and measuring junctions.

Proper, repeatable

placement of the thermocouples is also important.
A method to locally cool the center thermocouples would also be
beneficial.

The base of the wafer was cooled and any difference in the

temperature between the reference and measuring junctions was not easily
predictable or controllable. In order to quantify the thermopower of the microthermocouples, it is imperative to be able to isolate the two values from each
other.
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6. Conclusions and Future Work
6.1. Modeling
6.1.1 Conclusions
The thermal system was modeled at the microthermocouple level. The
goal of this modeling was to determine which thermocouple geometry and
spacing provided the best signal of the cellular temperature rise, and yielded the
least interference between adjacent thermocouples.
Thermocouple geometries were tested with and without an intermediate
post layer, with the goal of the post layer to isolate the thermocouple junction
from the high thermal conductivity and large area of the wiring layer. Alternative
thermocouple geometries were characterized based on the performance relative
to a control system, without thermocouples. Post sizes of 3 µm and 5 µm in
diameter were modeled with heights of 20 µm and 50 µm, and compared to the
case without posts.
Results showed that post sizes of 3 µm in diameter provided a smaller
decrease in temperature from the control than the no post case, with the 50 µm
post providing the best results. The results of the 5 µm diameter posts showed
an increase in the amount of heat drawn away from the cell compared to the no
post case.

The 50 µm tall post actually displayed a greater decrease in

temperature from the control than the 20 µm post. This indicated that the larger
post size drew more heat away than close cellular proximity to the wiring layer.
The conclusions drawn from these experiments were that tall and thin posts
provide the most favorable signal response.
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The effect of thermocouple geometry on adjacent thermocouple heat
transfer response was also tested. When a cell froze above a thermocouple, the
goal was to minimize the measured temperature increase at adjacent
thermocouples. Testing showed that there was minimal response at adjacent
thermocouples for all of the cases.

The adjacent response was tested with

different thermocouple center to center spacings of 45 µm, 50 µm, and 55 µm.
Larger spacing yielded slightly lower adjacent response.
The effect of cell location between thermocouple junctions was modeled
for the same three levels of center to center spacing.

The proximity to the

primary

minimizing

thermocouple

junction

strongly

aided

in

adjacent

thermocouple response. The 45 µm spacing was most favorable in that respect.
The limitation of fabrication capabilities meant that 45 µm spacing was also the
smallest allowable size because smaller spacing creates difficulty in keeping
wires electrically isolated.
6.1.2 Future Work
Simple mesh and time step refinement were done to give confidence in
results. Mesh refinement was based on refining the nodes in the volume of the
model cell only. To increase confidence in the results, mesh refinement over the
entire system should be performed.
The effect of post sizes greater than 50 µm high should be investigated. It
would be beneficial to know how the trends continue, and how close the
thermocouple measured temperature can get to the undisturbed cellular system.
Modeling of nanowires for the post layer would also be beneficial to determine if
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this could be a possible solution to the problem of high heat transfer by the
thermocouples from the cell.
The effect of different size cells could also be modeled, along with the
effects of several cells, rather than the single cell used in the model. Testing the
effect of partial ice formation in the cell medium would give useful data, as ice
formation in the medium can cause significant differences in the measured
temperature.
6.2. Fabrication
6.2.1 Conclusions
Two different sizes of thermocouples, with post sizes of 3 µm and 5 µm
were fabricated. A working microthermocouple with an intermediate post layer
was not successfully fabricated, although fabrication of an array without posts
was completed and tested. One thermocouple junction with posts was fabricated,
but the resistivity of the wafer below was too small, yielding a device that was
unusable because of current leakage through the substrate.
The fabrication process was difficult to complete. The multilayer process
left much room for error, and the tolerances required high optimization. One area
of difficulty that was not yet optimized was with the junction exposure and
deposition step. In order to expose the junction properly, it was first important to
electrodeposit the two posts to approximately the same height, which was difficult
to do repeatedly, as post deposition was not always exactly uniform with
deposition time. The dose of the junction exposure had to be limited, to prevent
excessive etching of the area between posts during development. The smallest
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possible dose was also limited to ensure that the surface of the copper-nickel
post was properly developed. Though the junction layer was intended to be 2 µm
thick, the same thickness as the wiring layer, the electrodeposition time took
much longer. The copper junction growth between posts was very slow and
nonuniform between different thermocouples.
The etching of the plating base and adhesion layer was another step that
was difficult. When the resist was removed, the structures were more delicate,
and special care had to be taken with the wet etching to ensure that the posts
were not damaged.

Being careful with the sample required slow, precise

movements during etching and transferring to the DI water, however the etching
had to be very quick to prevent removal of the copper layer, and etching under
the wires. This made the procedure difficult. The poor adhesion between the
copper nickel posts and copper nickel wiring led to several debonded posts
during the etching step. It is possible that a completed junction layer would
reduce this problem.
6.2.2 Future Work
The additional application of SU-8 to stabilize the structure and provide a
base on which cells can rest was not completed, though it may be beneficial to
instead modify the fabrication process so the resist does not need to be removed.
It may be possible to etch the silicon wafer from the backside, without removing
the resist surrounding the thermocouple junctions, although there are other
complications involved with this method, such as the high temperature needed
for Si etching and requiring a temporary supporting structure on top of the resist.

129

Another solution may be to separate the wiring layer and post layer, and fabricate
them separately, and then passively align and assemble them. With this method,
electrodeposition can actually proceed in the reverse order, with the junctions
plated first and then the posts plated on top. The device could then be removed
from the plating base and inverted and united to the separate wiring layer.
The actual composition of the copper-nickel posts fabricated through
electrodeposition needs to be characterized; time prevented it in this work.
Greater post heights can also be attempted. From the work done by Yoon, et al.
(1998), they were able to reach 90 µm with a single coat of positive resist. It is
possible to try X-ray exposures in PMMA for taller structures as well.
The ultimate goal for this device is to combine thermoelectric coolers with
the thermocouples to allow local, controlled cooling of individual cells in a culture.
The fabrication process must be optimized to include both sets of structures.
6.3. Calibration and Testing
6.3.1 Conclusions
A microthermocouple array without an intermediate post layer was
calibrated and tested, however the data obtained were inconclusive. A standard
sensitivity value for the thermocouples was not determined. The uncertainty of
the data collected was too large to determine how much of the error was based
on nonuniformity of wire composition. The results did indicate a variation of
voltage with respect to temperature, indicating that there is at least some effect
generated by the micro-thermocouple junctions.
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6.3.2 Future Work
Testing of the device could be improved upon. Improving the thermal
contact with the base of the wafer to the cooling stage to make it more uniform
and controllable is important. Using smaller testing thermocouples to measure
reference and measuring junction temperatures, and thermally conductive
bonding paste would improve the temperature reading from the testing
thermocouples.
A method to locally cool the center thermocouples would be beneficial.
The best way to provide a local temperature input would be to test the device on
actual cells. The suitability of the device to measure cell temperature increase
due to freezing was something that was not yet tested. This should be done and
compared with the modeling results.
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Appendix A: Photomasks Used in Microfabrication

5 mm

Figure A1. Layer 1 UV photomask (copper wiring
layer). All masks fit 4 inch Si wafers.

100 µm

Figure A2. Layer 1 photomask, detail view of center.
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5 mm

Figure A3. Layer 2 UV photomask (constantan
wiring layer).

100 µm

Figure A4. Layer 2 photomask, detail view of center.
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5 mm

Figure A5. Layer 3 UV photomask (copper post
layer).

100 µm

Figure A6. Layer 3 photomask, detail view of
center.
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5 mm

Figure A7. Layer 4 UV photomask (constantan
post layer).

100 µm

Figure A8. Layer 4 photomask, detail view
of center.
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5 mm

Figure A9. Layer 5 UV photomask (copper junction
layer).

100 µm

Figure A10. Layer 5 photomask, detail view
of center.
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Appendix B: Microthermocouple Testing Results
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Figure B1. Thermocouple numbering for identifying testing results. (a) 3 µm wiring layer.
(b) 4 µm wiring layer
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Figure B2. Data collected for thermocouple 3 of the 3 µm array, during the
cooling cycle. (a) Temperature difference between measuring
and reference junction plotted against sample number. (b)
Voltage generated between measuring and reference junction,
plotted against sample number. (c) Calibration plot.

144

0.08

-1.5

0.06

-2

Potential (V)

Temperature difference (C)

a

-1

1
2

-2.5

-3
0

0.02

10

20
30
Sample number

40

b

0.08

0.08
Potential (V)

Potential (V)

0.07

0.06

0.05

0.04
-3

0
0

10

20
30
Sample number

40

0.1
Data curve 1
Linear Fit

c

0.04

Data curve 2
Linear Fit

0.06
0.04
0.02

-2.5
-2
Temperature difference (C)

-1.5

d

0
-3

-2.5
-2
Temperature difference (C)

-1.5

Figure B3. Data collected for thermocouple 3 of the 3 µm array, during the
heating cycle. (a) Temperature difference between measuring
and reference junction plotted against sample number, separated
into curve 1 and 2. (b) Voltage generated between measuring and
reference junction, plotted against sample number. (c) Calibration
plot for curve 1. (d) Calibration plot for curve 2.
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Figure B4. Data collected for thermocouple 5 of the 3 µm array, during the
cooling cycle. (a) Temperature difference between measuring
and reference junction plotted against sample number, separated
into curve 1 and 2. (b) Voltage generated between measuring and
reference junction, plotted against sample number. (c) Calibration
plot for curve 1. (d) Calibration plot for curve 2.
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Figure B5. Data collected for thermocouple 5 of the 3 µm array, during the
heating cycle. (a) Temperature difference between measuring
and reference junction plotted against sample number, separated
into curve 1 and 2. (b) Voltage generated between measuring and
reference junction, plotted against sample number. (c) Calibration
plot for curve 1. (d) Calibration plot for curve 2.
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Figure B6. Data collected for thermocouple 1 of the 4 µm array, during the
cooling cycle. (a) Temperature difference between measuring and
reference junction plotted against sample number. (b) Voltage
generated between measuring and reference junction, plotted
against sample number. (c) Calibration plot.
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Figure B7. Data collected for thermocouple 1 of the 4 µm array, during the
heating cycle. (a) Temperature difference between measuring
and reference junction plotted against sample number, separated
into curve 1 and 2. (b) Voltage generated between measuring and
reference junction, plotted against sample number. (c) Calibration
plot for curve 1. (d) Calibration plot for curve 2.
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Figure B8. Data collected for thermocouple 6 of the 4 µm array, during the
cooling cycle. (a) Temperature difference between measuring
and reference junction plotted against sample number, separated
into curve 1 and 2. (b) Voltage generated between measuring and
reference junction, plotted against sample number. (c)
Calibration plot for curve 1. (d) Calibration plot for curve 2.
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Figure B9. Data collected for thermocouple 6 of the 4 µm array, during the
heating cycle. (a) Temperature difference between measuring and
reference junction plotted against sample number, separated into
curve 1 and 2. (b) Voltage generated between measuring and
reference junction, plotted against sample number. (c) Calibration
plot for curve 1. (d) Calibration plot for curve 2.
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Appendix C: Circuit Diagram

Figure C1. Top left section of the circuit diagram.
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Figure C2. Top right section of the circuit diagram.
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Figure C3. Bottom left section of the circuit diagram.
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Figure C4. Bottom right section of the circuit diagram.
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